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A DNA-activated protein kinase (DNA-PK) was purified from nuclei of HeLa cells. Activity was associated
with a single high-molecular-mass (approximately-300,000 Da) polypeptide when analyzed by gel filtration,
denaturing polyacrylamide gel electrophoresis, and Western immunoblotting using a monoclonal antibody that
also inhibits enzyme activity. Nuclear localization was indicated by subcellular fractionation and confirmed by
immunofiuorescence on whole cells. Double-stranded DNA stimulated phosphorylation of the 300-kDa
polypeptide in purified preparations as well as phosphorylation of the exogenous substrates a-casein, simian
virus 40 large T antigen, and the human heat shock protein hsp90. Autophosphorylation led to inactivation of
the enzyme. The phosphorylation of casein was stimulated over 30-fold by DNA and was specific for serine and
threonine residues. Bovine serum albumin and histone H1 were poor substrates for DNA-PK, and no
phosphorylation of immunoglobulin G or histones other than H1 was observed. Supercoiled or heat-denatured
DNA and synthetic double-stranded RNA or RNA-DNA copolymers did not stimulate casein phosphorylation
by DNA-PK. Interaction of the enzyme with DNA in the absence of exogenous substrates was demonstrated by
thermal inactivation and gel mobility shifts. These characteristics identify DNA-PK as distinct from other
protein kinases described in the literature and suggest that activation by DNA is an important feature of the

enzyme’s in vivo function.

Protein kinases regulate cellular activities at multiple
levels (8, 14, 15), including the mediation of responses to
specific external stimuli. Many growth factor receptors (44),
oncogene products (15), and cell cycle regulatory factors (13)
possess intrinsic protein kinase activity and furthermore are
themselves often regulated by phosphorylation. Signaling
pathways affecting gene activity and cell division may in-
clude protein kinases within the cell nucleus, functioning
either as targets of second messengers or as distal compo-
nents of protein Kinase cascades (22, 23).

Among the protein kinases that have been purified from or
localized to the nuclei of eucaryotic cells, the two best-
studied enzymes, referred to as NI (6, 39, 41) and NII (6, 11,
31, 40) (also called nuclear casein kinases [42]), have been
isolated from a variety of species and tissues, including
HeLa cells (45). A histone H1 kinase, which plays a key role
in mitotic regulation (2, 13), phosphorylates a number of
nuclear substrates in vivo (21). Other, less well character-
ized protein kinases may be localized in the nucleus, includ-
ing the product of the proto-oncogene mos (43); a chromatin-
associated kinase which phosphorylates DNA-bound
histones, especially histone H3 (36); a cyclic GMP (cGMP)-
dependent kinase which also phosphorylates histones pref-
erentially (12); and two salt-sensitive activities from HeLa
cells (10, 30). An enzyme related to protein kinase C has
been shown to contain a putative nuclear localization signal
(25), and under certain conditions protein kinase C translo-
cates from cytoplasm to the nuclear membrane (17). The
cAMP-dependent protein kinase has also been found to
accumulate in nuclei in response to cAMP stimulation (24,
35). Ohtsuki et al. (28) identified a cyclic nucleotide-indepen-
dent enzyme from mouse spleen nuclei that was distinct
from casein kinase II and phosphorylated histones as well as
several nonhistone chromosomal proteins.

Relatively few protein kinases have been shown to be
activated or stimulated by nucleic acids. One kinase that is
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activated by double-stranded RNA (33) specifically phos-
phorylates the translation factor EIF-2a (9). The enzyme
isolated from mouse spleen nuclei by Ohtsuki et al’was
stimulated up to fivefold by DNA specifically for phosphor-
ylation of two small nonhistone proteins (26-28), and histone
phosphorylation by the chromatin-associated cGMP-depen-
dent kinase is also stimulated by DNA (12); in both of these
cases, however, the stimulation results from interaction of
DNA with the substrate rather than with the enzyme (12,
26).

Although no nuclear protein kinase has yet been shown to
require DNA as a general cofactor, DNA-dependent protein
phosphorylation was observed in crude cytoplasmic extracts
from HelLa cells and Xenopus oocytes (42) and in HeLa
nuclear extracts (4). Here we report the purification of a
protein kinase from HeLa cell nuclei with the unique char-
acteristic that it is activated specifically by double-stranded
DNA (dsDNA) for the phosphorylation of a variety of
substrates. Lees-Miller and colleagues have been studying
an enzyme that is probably identical to the one described
here and describe its partial purification and characterization
in the accompanying report (19). This enzyme, which we call
DNA-PK, is the first example of a protein kinase with a
generalized functional requirement for DNA.

MATERIALS AND METHODS

Cells. HeLa cells (line S3; ATCC CCL 2.2) were grown at
37°C in suspension (4) or in monolayer (5). For enzyme
purification, batches of 3 X 10° cells (approximately 6 g)
were harvested from 6-liter suspension cultures by centrifu-
gation at 4°C and 800 X g for 20 min, washed once in 600 ml
of ice-cold phosphate-buffered saline (0.2 g of KH,PO,, 0.2
g of KCI, 8 g of NaCl, 1.15 g of Na,HPO, per liter),
recentrifuged, suspended in 30 ml of ice-cold 50 mM Tris
hydrochloride (pH 7.9)-0.1 mM EDTA-10 mM a-monothio-
glycerol-0.1 mM dithiothreitol (DTT)-30% (vol/vol) glycer-
ol), frozen in a dry ice-ethanol bath, and stored at —100°C.

Purification of DNA-dependent kinase. All steps were car-
ried out at 0 to 4°C. Nuclei were isolated and extracted by
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the method of Dignam et al. (7) in the presence of protease
inhibitors (0.1 mM phenylmethylsulfonyl fluoride, 1 ug each
of leupeptin, pepstatin A, and aprotinin per ml). The 0.4 M
KClI nuclear extract from 50 g of HeLa cells was concen-
trated by (NH,),SO, precipitation (7). The precipitate was
dissolved in 10 ml of buffer B (20 mM N’-2-hydroxyethylpip-
erazine-N'-2-ethanesulfonic acid [HEPES; pH 7.9], 1 mM
EDTA, 1 mM EGTA, 1 mM DTT, 10% [vol/vol] glycerol,
0.02% polyethylene sorbitan monolaurate [Tween 20]) con-
taining 0.1 M KCl and dialyzed against 250 ml of the same
buffer for a total of 18 h, with one buffer change. The
resulting precipitate was removed by centrifugation at 15,000
X g for 20 min, and the supernatant solution was either
stored at —100°C or used directly for purification. For all
subsequent steps, buffer B with the stated additions was
used. The concentrated nuclear extract was adjusted to 40
mM KCI by addition of buffer B, adsorbed to a column (2.5
by 19 cm) of DEAE-Sephacel equilibrated with buffer B plus
40 mM KCl, and eluted with a 500-ml linear 0.04 to 0.5 M
gradient of KCl in buffer B at 1 to 2 ml/min. Fractions
containing DNA-stimulated casein phosphorylation activity
(assayed as described below) were pooled and adsorbed to a
phosphocellulose column (2.5 by 4.0 cm). After a wash with
50 ml of buffer B plus 0.15 M KCl, the column was eluted
with a 250-ml linear 0.04 to 1.0 M gradient of KCl in buffer B.
Active fractions were dialyzed against buffer B plus 0.3 M
KCl and 15% glycerol, concentrated by ultrafiltration in a
Minicon-B15 device (Amicon; molecular weight cutoff,
15,000), layered onto a column (0.75 by 80 cm) of Sephacryl
S-300HR equilibrated with buffer B plus 0.3 M KCl and 10%
glycerol, and eluted with the same buffer. Fractions contain-
ing peak activity were pooled, dialyzed against buffer B plus
0.05 M KCl, and adsorbed to a column (1 by 5 cm) of
reactive red 120 agarose 300CL (Sigma). The column was
washed with 10 ml of dialysis buffer, and enzyme activity
was eluted with a linear gradient of 0.05 to 0.5 M KCl in
buffer B. Peak fractions (eluting at approximately 0.2 M
KCl) were pooled, dialyzed against buffer B plus 0.1 M KCl,
and stored in small aliquots at —100°C. At this stage,
DNA-PK activity was nearly pure, as determined by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) and silver staining; this preparation was used for
some biochemical characterization experiments. Further pu-
rification to constant specific activity was accomplished by
step elution from dsDNA-cellulose prepared as described by
Potuzak and Wintersberger (29), loading in buffer B plus 0.05
M KCl, and elution with buffer B plus 0.5 M KCl, followed
by dialysis against buffer B plus 0.03 M NaCl and fast protein
liquid chromatography (FPLC), using a Mono Q HRS/S
column (Pharmacia) and a linear gradient of 0.03 to 0.5 M
NaCl (see Fig. 2). Enzyme activity from any of the final three
steps was stable for 72 h in buffer B plus 0.1 M KCl and for
at least 2 months when stored at —100°C in the same buffer.

Protein kinase assay. The  standard assay mixture con-
tained 0.5 to 12 pl of extract or enzyme and 20 pg of
enzymatically dephosphorylated a-casein that had been
heated at pH 9.0 and then neutralized prior to use (39), with
or without 1 pg of sonicated salmon DNA (average size of
approximately 300 nucleotides, determined by agarose gel
electrophoresis and ethidium bromide staining) in a final
volume of 20 ul containing 0.6x buffer B. Reactions were
started by addition of [y->>PJATP (1 to 3 wCi/nmol) and
MgCl, to give final concentrations of 100 puM and 7.5 mM,
respectively, incubated at 37°C for S or 10 min, and stopped
with 5 ul of 0.2 M EDTA. Radioactivity bound to DEAE-
paper was determined as described previously (4). Incorpo-
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ration of isotope by the most highly purified preparations
was linear for at least 20 min.

Monoclonal antibodies. Monoclonal antibodies were pro-
duced in collaboration with Thomas Shenk, Department of
Molecular Biology, Princeton University. Two 8- to 12-
week-old female BALB/c mice were each injected intraper-
itoneally with 30 to 50 ug of highly purified enzyme protein
(from the Mono Q step) and RIBI adjuvant. Injections were
repeated after 2 and 5 weeks. Anti-DNA-PK titer 6 days
after the second booster immunization was determined by
dot Western immunoblot. The spleen from one seropositive
animal was removed, washed three times in warm RPMI
medium, and crushed, and the cells were collected from the
supernatant. Fusions with SP2/0 nonproducer variant my-
eloma cells (selected from a hybridoma between MOPC-21
and BALB/c spleen cells) at a 10:1 ratio were accomplished
by incubation with polyethylene glycol in HEPES-buffered
RPMI at 37°C for 60 min. Fusion mixtures were then plated
in RPMI plus 20% fetal calf serum under selective conditions
onto a feeder layer of thymocytes in 96-well plates such that
each well contained one to five hybridomas. When colonies
were 1 mm in diameter, tissue culture supernatants from
these pools were screened by dot blots and in some cases by
Western analysis and/or inhibition and immunoprecipitation
of DNA-PK activity. Positive pools were subcloned at
limiting dilution, and 40 to 50 individual colonies from each
pool rescreened by the appropriate assay. The immunoglob-
ulin type and subclass were determined by a commercial
hemagglutination assay (Serotek), and immunoglobulin Gs
(IgGs) were then purified from the tissue culture superna-
tants by chromatography on protein G-Sepharose (Genex).
Two monoclonal antibodies, MAb18-2 and MAb42-26, used
in this study were both of the IgG1 subclass, and a third,
MADb25-4, was IgG2a.

Western blots. Five percent denaturing SDS-polyacryl-
amide gels were run as described previously (4), and the
polypeptides were transferred at constant voltage (to give an
initial current of 2.5 mA/cm?) for 1.5 h at room temperature
with 25 mM Tris chloride (pH 10.4)-20% methanol as the
anode buffer and 25 mM Tris (pH 9.4)40 mM 6-aminohex-
anoic acid-20% methanol as the cathode buffer in a Polyblot
(ABN, Inc.) semidry transfer apparatus. More than 90% of
the 300-kDa polypeptide was transferred under these condi-
tions, as determined by inclusion of 3?P-labeled autophos-
phorylated enzyme as a marker. The filters were rinsed to
remove gel debris in TBST (TBS plus 0.05% Tween-20; TBS
is 10 mM Tris hydrochloride [pH 7.5], 0.14 M NaCl, 1.5 mM
MgCl,), blocked in TBSTM (TBST plus 5% nonfat dry milk)
at 4°C overnight with shaking, and incubated with a mono-
clonal antibody (2 ml of high-titer tissue culture supernatant)
for 2 h at room temperature in TBSTM. After four washes
with TBSTM, the membrane was incubated with alkaline
phosphatase-conjugated rabbit anti-mouse IgG (Sigma) in
TBSTM for 30 min and then extensively washed with
TBSTM, TBST, and finally TBS. Color development was
with Protoblot reagent (Promega Biotec). Dot blots for
screening monoclonal supernatants were done in the same
way as Western blots except that aliquots of enzyme con-
taining 50 ng of protein were immobilized on nitrocellulose
sheets by vacuum filtration.

Indirect immunofluorescence. Monolayer cells growing on
coverslips were fixed by immersion in acetone-methanol
(70:30) for 5 min at —20°C, incubated with primary antibody
(mouse monoclonal IgG) for 30 min at 37°C, stained with
fluorescein-labeled goat anti-mouse IgG, and photographed
with the aid of a Zeiss epifluorescence microscope.
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TABLE 1. Purification of DNA-PK

Total Total

Purification .., Stimulation . Sp act

step ac(tll(\{}t)y by DNA? pz:;t;;n (kU/mg)
Whole-cell homogenate® 294.3 1.5 2,257.50 0.39
Cytoplasmic S-100 943.1 6.7 524.28 2.16
Nuclear extract 1,046.0 3.8 932.20 1.52
DEAE-Sephacel 1,602.0 46.5 136.00 12.04
Phosphocellulose 620.1 20.4 1231 59.97
Sephacryl S-300HR 150.5 23.6 1.80 87.30
Reactive red agarose 104.6 11.6 1.07 107.35
DNA-cellulose 68.6 19.8 0.66 109.48
Mono Q 41.5 33.9 0.35 122.92

“ Activity with sonicated salmon DNA (50 pg/ml) minus activity without
added DNA. In each case, a time course was done and activity was
determined from the initial slope. One unit = 1 pmol of 2P transferred from
[y-*2PJATP to casein at 37°C in 1 min; the concentration of ATP was 0.5 mM.

b Activity in the presence of DNA divided by activity without DNA.

¢ Prepared by high-salt extraction of a hypotonic lysate (4, 7).

DNA electrophoretic mobility shift assay. Complementary
synthetic single-stranded oligonucleotides were end labeled
with 3?P by using T4 polynucleotide kinase (20), annealed by
heating to 70°C in 0.1 M NaCl and slow cooling, phenol
extracted, and separated from unincorporated ATP by gel
filtration. Binding reaction mixtures contained 0.5 ng of
labeled oligonucleotide (approximately 40,000 cpm), 30 ng of
purified enzyme (DNA-cellulose fraction) unless otherwise
noted, 10 mM Tris chloride (pH 7.5), 1 mM DTT, 1 mM
EDTA, 50 to 150 mM NaCl, and 5% glycerol in a total
volume of 10 pl. After 30 min at 30°C, the mixture was
chilled on ice and electrophoresed through a 4% polyacryl-
amide gel (29:1 acrylamide-bisacrylamide) in Tris-glycine
buffer at 5 to 10°C as described by Singh et al. (37).

Determination of phosphoamino acids. The chromato-
graphic method of Schaffer (32), as modified by Rose et al.
(31), was used. Enzymatically dephosphorylated a-casein
(30 ng) was phosphorylated by purified DNA-PK (0.2 pg) for
30 min under standard conditions (see above) in the presence
of 50 pg of double-stranded salmon DNA per ml in a 100-p.l
reaction volume. The protein was precipitated by cold
trichloroacetic acid, dissolved in 400 pl of 2 N HCI, and
incubated for 18 h at 100°C in a sealed glass ampoule. The
entire sample was then diluted with H,O to 0.5 M HCI,
loaded onto a Dowex SOW-X4 column, and eluted with 0.05
N HCI. The order of elution of phosphoamino acid standards
as determined by A,,, and A,g, was O-phosphothreonine,
O-phosphoserine, O-phosphotyrosine.

Reagents. Chromatography resins were obtained from
Pharmacia-LKB or Whatman (phosphocellulose P-11);
salmon sperm DNA, enzymatically dephosphorylated a-
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casein, phosvitin, Tween 20, and phosphoamino acids were
from Sigma; DNase I (RNase free), calf intestine alkaline
phosphatase, T4 polynucleotide kinase, and purified histone
fractions were from Boehringer Mannheim; and restriction
endonucleases were from International Biochemicals and
Bethesda Research Laboratories. Synthetic nucleic acid
heteropolymers were from Boehringer Mannheim and Phar-
macia-LKB. Synthetic oligonucleotides corresponding to
the Apl-binding site at —70 of the human collagenase gene
(1), the NF«B-binding site of the mouse « light-chain immu-
noglobulin gene enhancer (34), and the H2TF1-binding site
from the mouse H-2K? class I major histocompatibility gene
enhancer (3) were gifts from T. Shenk and U. Miiller
(Princeton University), and oligonucleotides containing the
consensus Spl- and Apl-binding sites were purchased from
Stratagene. Bacterial plasmids were a gift from L. E. Babiss
(Columbia University) and were propagated and purified by
standard methods (20). Baculovirus-cloned simian virus 40
(SV40) T antigen was a gift from E. Fanning (University of
Munich), and purified, kinase-free human hsp90 was a gift
from C. Anderson and S. Lees-Miller (Brookhaven National
Laboratories).

RESULTS

Purification of DNA-PK, Table 1 summarizes the data from
a representative purification. Nuclear and soluble cytoplas-
mic fractions obtained after hypotonic swelling and mechan-
ical shearing contained approximately equal amounts of
DNA-stimulated protein kinase activity. However, DEAE-
Sephacel chromatography of the nuclear extract yielded a
60% increase in DN A-dependent phosphorylation, indicat-
ing that inhibitors or phosphatases in crude extracts proba-
bly led to underestimation of activity. In addition, it is likely
that traces of DNA present in some nuclear extracts would
have the same effect, because enzyme activity was deter-
mined by subtracting the amount of casein phosphorylation
in the absence of DNA from that observed after addition of
DNA. Chromatography over phosphocellulose without the
intervening DEAE step also resulted in increased DNA-
dependent activity (Table 2). Several peaks from the DEAE
column had cyclic nucleotide-independent protein kinase
activity, but only one (eluting between 0.15 and 0.25 M KCl)
contained DNA-stimulated activity. Fractionation of this
peak by chromatography on phosphocellulose resolved two
casein-phosphorylating activities. The major component was
a single peak that eluted between 0.25 and 0.35 M KCl and
was stimulated by DNA; a heterogeneous minor component,
which eluted at a higher salt concentration, was not affected
by DNA. Further fractionation by gel filtration and succes-
sive affinity columns containing the Reactive Red 120 agar-

TABLE 2. Specific activities of DNA-PK and marker enzymes in subcellular fractions

Casein phosphorylation® Activity?
Fraction Before PC After PC Glucose-6-phosphate Malate Glutamate
+DNA _DNA Net +DNA _DNA Net dehydrogenase dehydrog dehydrog
Nuclear 2,238 1,968 270 1,236 155 1,081 <80 <13 128
100,000 X g supernatant 367 223 144 166 33 130 4,495 97 78
100,000 x g pellet 998 618 380 327 80 247 2,000 389 370

“ Expressed as picomoles of 32P transferred to casein per minute per milligram at 30°C. The concentration of ATP was 300 uM. Salmon DNA (100 p.g/ml) was
added to reaction mixtures as indicated, and net DNA-dependent phosphorylation was calculated by subtraction. For phosphocellulose (PC) chromatography of
the crude subcellular fractions, 0.2-ml samples were adjusted to 0.1 M KCl and applied to 0.6-ml column of phosphocellulose; after a wash with 6 ml of buffer
B plus 0.1 M KCl, enzyme was eluted with 1 ml of buffer B plus 0.5 M KClI (see Materials and Methods).

? Determined spectrophotometrically by NADP reduction (38); expressed as picomoles of NADPH produced per second per milligram.
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FIG. 1. Denaturing PAGE of fractions from DNA-PK purifica-
tion. (A) The indicated amounts of protein from samples containing
peak DNA-PK activity from various purification steps were sepa-
rated by 5 to 12.5% gradient SDS-PAGE and silver stained. Lanes:
1, Mono Q, 1.5 pg; 2, dsDNA-cellulose, 2.5 pg; 3, Sephacryl
S-300HR, 2.5 pg; 4, phosphocellulose, 5 pg; 5, DEAE-Sephacel, 10
ng; 6, nuclear extract, 10 pg. The positions of size markers are
indicated. (B) A 1.5-pg sample of purified enzyme was incubated
with [y-*2P]ATP with or without DNA under standard conditions
and separated by 7.5% SDS-PAGE, and the gel was dried and
fluorographed. (C) Western blot of purified DNA-PK (50 ng) probed
with MAb18-2.

ose and dsDNA-cellulose and by ion-exchange FPLC on
Mono Q resin resulted in an essentially homogeneous prep-
aration, with little increase in specific activity in the final
steps. The apparent purification was about 100-fold, and the
overall recovery was 4%, as judged from the activity mea-
sured in nuclear extracts. (Both figures are subject to the
quantitative uncertainty in determining total kinase activity
in the crude cell fractions.) The low yield probably resulted
from inactivation during purification, because only one peak
of protein kinase activity was observed in all purification
steps after the phosphocellulose column. Attempts to recon-
stitute activity by addition of each Sephacryl fraction to the
fraction containing peak DNA-stimulated activity failed to
detect additional forms of the enzyme that might have
required a polypeptide present in the peak fraction to acti-
vate the enzyme. Thus, the actual degree of purification
based on recovery of protein, rather than on specific activ-
ity, is likely to have been greater than 100-fold. Estimation of
the amount and recovery of DNA-PK by Western blotting
using monoclonal antibodies (see below) suggested that the
300-kDa polypeptide associated with DNA-PK activity (Fig.
1A) may comprise as much as 1% of the total nuclear protein
solubilized in 0.4 M KCl, which would be equivalent to 0.2%
of the proteins on a molar basis, assuming an average
molecular mass for nuclear proteins of 60,000 Da. If the ratio
of activity to immunoreactive protein in nuclear extracts is
assumed to be 1:1, it can be estimated from Western blots of
purified enzyme that as much as 80% of the enzyme may
have been inactivated during purification (data not shown).
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FIG. 2. FPLC of purified DNA-PK on a Mono Q HRS/5 column.
Enzyme purified by DNA-cellulose chromatography was processed
as described in Materials and Methods. (Insert) Indicated fractions
were analyzed by 7.5% SDS-PAGE and stained with Coomassie
brilliant blue, and the visible band at approximately 300 kDa was
scanned with an ISCO recording densitometer. Staining intensity
was determined by integration of the peak areas.

In all purified enzyme fractions, the ratio of casein phos-
phorylation in the presence and absence of DNA was
markedly increased over that in crude extracts, with purified
preparations typically containing only 2 to 5% DNA-inde-
pendent kinase activity. Occasionally, as in the red agarose
fraction shown in Table 1, the extent of DNA-independent
activity was somewhat greater. DNA-independent phos-
phorylation could be due to traces of other contaminating
protein kinases, to a basal DNA-independent activity of
DNA-PK, or to fragments of cellular DNA that might have
remained bound to the enzyme or copurified with it. Effects
of salt, temperature, pH, and inhibitors of DNA-activated
casein phosphorylation were similar for DNA-stimulated
and DNA-independent activities (although this was often
difficult to measure for the low DNA-independent activity),
suggesting that DN A-independent activity was not due to
contaminating kinases (data not shown).

DNA-PK activity is associated with a 300-kDa polypeptide.
Analysis of the polypeptide composition of pooled peak
fractions by SDS-PAGE and silver staining demonstrated
that activity copurified with a high-M, polypeptide (Fig. 1A).
No other polypeptides were detected in the peak fractions
from the final chromatographic step; the diffusely staining
bands migrating at 40 to 60 kDa in all lanes (including the
marker lane) were probably contaminating Kkeratins.
DNA-PK activity eluted from the Mono Q column as a
symmetrical peak at approximately 0.25 M KClI (Fig. 2);
upon analysis by SDS-PAGE and staining with Coomassie
brilliant blue, densitometry showed that the staining inten-
sity of the 300-kDa polypeptide corresponded closely to the
amount of enzyme activity in each fraction (Fig. 2, inset).
None of the minor peaks of 280-nm absorbance contained
any polypeptide detectable on silver-stained gels. After
Mono Q chromatography of some purified enzyme prepara-
tions, silver staining often revealed a faint set of additional
bands below the 300-kDa band in each fraction that con-
tained the 300-kDa polypeptide. These minor bands were
recognized by monoclonal antibodies (see below) that re-
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acted with the major 300-kDa polypeptide and were there-
fore likely to be partial degradation products (T. H. Carter,
I. Sun, and I. Van¢urov4, unpublished data). Thus, the
enzyme activity is associated with the large polypeptide of
approximate M, 300,000, which probably exists in its active,
undenatured form as a monomer, because molecular exclu-
sion chromatography on Sephacryl S-300HR indicated a
Stokes radius for the native enzyme equivalent to that of a
280,000-Da globular protein (data not shown).

Of several monoclonal antibodies specific for the 300-kDa
polypeptide, one (MAb18-2) detected the polypeptide on
Western blots (Fig. 1C) and also inhibited DNA-dependent
casein phosphorylation in a dose-dependent manner (Fig.
3A). A purified preparation of DNA-PK (through the Reac-
tive Red agarose step) was incubated with indicated amounts
of purified IgG for 2 h at 0°C in buffer B with 0.1 M KCI but
without DTT. In some reactions, enzyme was incubated for
30 min with sonicated salmon DNA (50 pg/ml) before the
addition of antibody. DNA-dependent kinase activity was
then assayed as described in Materials and Methods.
MADI18-2 reproducibly inhibited kinase activity by 50%,
whereas neither another monoclonal antibody of the same
IgG subclass (MAb42-26) that also reacted with the 300-kDa
polypeptide on Western blots (not shown) nor purified
mouse IgGs inhibited activity (Fig. 3A). Interestingly, pre-
incubation of the enzyme with DNA protected DNA-PK
against inactivation by MAb18-2, suggesting that the portion
of the native DNA-PK molecule comprising the epitope
recognized by this antibody is conformationally altered or
partially occluded by DNA binding. An alternative explana-
tion for these data could be that MAb18-2 binds to DNA or
to a DNA-enzyme complex. The Western blot data make
this is unlikely, however, as do the results of immunopre-
cipitation experiments (see below).

Partial inhibition of kinase activity could have been due to
the presence of another, non-cross-reacting DNA-activated
kinase, to a weak interaction between MAb18-2 and DNA-
PK, or to antibody binding in such a way as to interfere with,
but not abolish, kinase activity. To distinguish between
these possibilities, the experiment shown in Fig. 3A was
repeated, except that immune complexes were removed by
binding to anti-mouse immunoglobulins immobilized on
polyacrylamide beads, and the supernatant solution was
then assayed for DNA-PK (Fig. 3B). Both MAb18-2 and
MADb42-26 immunoprecipitated =95% of the DNA-PK.
However, over five times as much MAb18-2 as MAb42-26
was required for 50% removal of DNA-PK, suggesting that
partial inhibition of DNA-PK activity in solution by
MADI18-2 may have been due to a relatively weak antibody-
antigen interaction. Since no DNA was added before kinase
activity was measured, it is unlikely that all of the DNA-PK
activity could have been immunoprecipitated by MAb18-2 if
this antibody recognized either DNA or an epitope com-
posed of a DNA-enzyme complex.

Subcellular localization of DNA-PK. Stimulation of activity
by dsDNA is consistent with nuclear localization of DNA-
PK. If this were the case, the dsDNA-stimulated casein
phosphorylating activity in the cytoplasmic S-100 fraction
could have resulted from leakage of the enzyme from nuclei
during their isolation. However, the nuclear isolation proce-
dure used for DNA-PK purification was relatively simple,
and it is possible that the activity associated with the nuclear
pellet resulted from contamination with cytoplasmic constit-
uents. We therefore examined the intracellular localization
of DNA-PK by using a more rigorous method to isolate
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FIG. 3. Effect of monoclonal antibodies on DNA-PK activity.
(A) Indicated amounts of monoclonal antibodies (mouse, IgG sub-
class) specific for the 300-kDa polypeptide in purified DNA-PK
preparations or of a mixture of nonspecific mouse IgGs were
incubated with 100 ng of purified enzyme in a total volume of 40 pl
for 2 h at 0°C prior to assay of enzyme activity. Symbols: O,
MADb18-2; A, MAb42-26; O, mixed IgGs. In some cases, enzyme
was preincubated with sonicated native salmon DNA for 30 min
before addition of antibody (filled symbols). Data are expressed as
percentages of the enzyme activity without antibody. Each symbol
represents the average of two determinations. (B) Enzyme was
incubated with IgGs as for panel A; after 2 h, 20 nl of a 20%
suspension of Immunobeads (Bio-Rad) containing immobilized rab-
bit anti-mouse immunoglobulin in buffer B plus 0.1 M KCI was
added to each tube, and incubation continued for 1 h at 0°C before
centrifugation at 12,000 x g for 10 s. The supernatant solution was
readsorbed to a second aliquot of Immunobeads and then assayed
for DNA-PK activity.

nuclei and also by indirect immunofluorescence on whole
cells.

For cell fractionation, HeLa cells grown in suspension
were disrupted by mechanical shearing in isotonic buffer,
and nuclei were isolated by repeated centrifugation through
hypertonic sucrose as described by Kornberg et al. (16). The
washed nuclei were then extracted in 0.6 M KCl as described
by Dignam et al. (7) to solubilize the DNA-PK activity. The
cytoplasmic supernatant obtained after low-speed centrifu-
gation of the original cell lysate was further separated into
soluble and particulate fractions by high-speed centrifuga-
tion. Each fraction was then assayed for DNA-dependent
phosphorylation of casein before and after chromatography
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on phosphocellulose and was also assayed directly for the
cytosolic enzymes glucose-6-phosphate dehydrogenase (EC
1.1.1.49) and malate dehydrogenase (EC 1.1.1.37) and for
the mitochondrial enzyme glutamate dehydrogenase (EC
1.4.1.2). The specific activity of DNA-PK after phosphocel-
lulose chromatography was eight times greater in purified
nuclei than in the soluble cytoplasmic fraction (Table 2).
Before chromatographic separation, the calculated specific
activity in nuclei was considerably lower than this because
of a high level of DNA-independent casein phosphorylation.
Since our assay conditions would detect other casein Kki-
nases, and contaminating DNA would also lead to enhanced
DNA-independent casein kinase activity, the phosphocellu-
lose step probably yields a more accurate figure for the
relative amounts of DNA-PK in the various subcellular
fractions than does direct assay of the fractions. No cyto-
solic marker enzyme activity was detected in the nuclei.
Although the highly purified nuclei were still contaminated
with mitochondria, as judged by glutamate dehydrogenase
activity, the specific activity of DNA-PK in these nuclei was
four times that in the cytoplasmic particulate fraction, which
contained the bulk of the mitochondria. These results are
consistent with a nuclear localization for the majority of
active DNA-PK molecules in growing HeLa cells. Results of
indirect immunofluorescence also suggested that most
DNA-PK molecules are nuclear (Fig. 4). The monoclonal
antibody MADb18-2 stained most nuclei of HeLa cells grow-
ing in monolayer as well as the nuclei of cells of the human
epidermoid carcinoma line A431.

Autophosphorylation. Autophosphorylation of DNA-PK
was tested by incubating purified enzyme with [y->’P]JATP
under standard reaction conditions with and without
dsDNA. When the trichloroacetic acid-precipitated proteins
were analyzed by SDS-PAGE and autoradiography, no
phosphorylated polypeptides were observed in the absence
of DNA, whereas a 300-kDa polypeptide was the predomi-
nant radiolabeled species observed when the enzyme was
incubated with DNA alone (Fig. 1B). Since it was often
observed that concentrated preparations of enzyme did not
continue to phosphorylate casein for as long a period as did
more dilute enzyme, the possibility that autophosphoryla-
tion inactivated the enzyme was tested by incubating puri-
fied DNA-PK with ATP and Mg?* in the absence of added
substrate and then analyzing its ability to phosphorylate
casein, while also measuring the incorporation of 2P into the
300-kDa polypeptide during the first incubation in a parallel
experiment (Fig. 5). The kinetics of inactivation closely
followed the labeling of the 300-kDa polypeptide. After 30
min of incubation in the presence of Mg?* and ATP, 95% of
the kinase activity was lost; during the same period, an
average of 0.87 mol of phosphate was transferred per mol of
the 300-kDa polypeptide in two experiments, consistent with
inactivation of DNA-PK by a single autophosphorylation
event. Inactivation of the kinase was not an indirect effect of
ATP depletion during the preincubation, because the same
result was obtained when additional ATP was added to the
casein phosphorylation reactions (data not shown).

Protein substrate specificity. A number of different proteins
were tested for the ability to act as phosphate acceptors.
Phosvitin, a-casein, serum albumin, mouse IgGs, mixed
histones H2a, H2b, H3, and H4 (without H1), purified
histone H1, the human heat shock protein hsp90, and SV40
large T antigen were all used as substrates (Fig. 6). Little or
no phosphorylation of any substrate was observed in the
absence of DNA, even at relatively high protein concentra-
tions. T antigen and denatured a-casein were the best
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substrates on a phosphorylation-per-unit-mass basis; hsp90
was somewhat less well phosphorylated, and denatured
bovine serum albumin was weakly phosphorylated (Fig. 6A).
A small amount of DNA-stimulated phosphorylation of
histone H1 was observed after a long exposure of the
autoradiogram, but phosphorylation of immunoglobulins,
phosvitin, and histones other than H1 was not detected (Fig.
6B). Because casein was the best routinely available sub-
strate for DNA-PK in the presence of DNA, characterization
of the enzyme used phosphorylation of this substrate as the
standard assay.

The phosphoamino acids produced in a-casein by the
DNA-activated kinase were determined after phosphoryla-
tion by highly purified enzyme under standard conditions,
trichloroacetic acid precipitation, acid hydrolysis, and frac-
tionation by ion-exchange chromatography. All of the radio-
activity was recovered in peaks that comigrated with P,
(55%), O-phospho-L-serine (39%), and O-phospho-L-threo-
nine (6%) (Fig. 7).

Effects of polynucleotides. A number of natural and syn-
thetic polynucleotides were tested for their effects on casein
phosphorylation (Table 3). Only double-stranded polyde-
oxyribonucleotides were effective at stimulating kinase ac-
tivity, whereas a synthetic DNA-RNA heteroduplex and
poly(rl) - poly(rC), an activator of the double-stranded
RNA-activated kinase, were inhibitory. In several cases,
polynucleotides were digested with a restriction endonucle-
ase and/or S1 endonuclease and repurified by phenol extrac-
tion before incubation in protein kinase reactions (Table 4).
Activation required linear, double-stranded polydeoxyribo-
nucleotides, regardless of the source. S1 endonuclease treat-
ment did not prevent various DNA preparations from acti-
vating DNA-PK (data for one preparation are shown).
Although supercoiled plasmid DNA did not activate the
enzyme, saturating concentrations of plasmid that had been
repeatedly frozen and thawed to generate nicked circular
molecules were able to activate the kinase nearly as well as
was the same preparation that had been completely linear-
ized by digestion with EcoRI. The fact that about five times
more nicked DNA than linearized DNA was required for
half-maximal activation probably reflects the fact that more
than half of the former preparation remained supercoiled, as
judged by gel electrophoresis and ethidium bromide staining
(data not shown).

To compare the abilities of different DNAs to activate the
enzyme, the apparent K, and V_,, values for activation
were determined by using highly purified enzyme from the
DNA-cellulose step (Table 5). Although the range of ability
to stimulate casein phosphorylation (V,,,,) varied by only a
factor of 5, the relative activating affinities of each polynu-
cleotide for DNA-PK (i.e., the concentration required for
half-maximal stimulation of casein phosphorylation) varied
over 2 orders of magnitude. Synthetic double-stranded oli-
gonucleotides from 22 to 35 bp in length were better activa-
tors of DNA-PK at low concentrations than was either
salmon DNA or poly(dA-dT) but only slightly better than
linearized plasmid DNA or poly(dI-dC). For comparative
purposes, activation affinities are expressed as nanograms
per milliliter rather than molarity because DNA molecules
300 to 3,000 nucleotides in length could be expected to bind
multiple molecules of enzyme, whereas it is possible that
oligonucleotides of 20 to 30 bp bind only a single molecule of
DNA-PK. Although an oligonucleotide with a binding se-
quence for the transcription factor Apl had the highest
affinity constant for DNA-PK activation, a functional Apl-
binding site was not required for activation, because a larger
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FIG. 4. Localization of DNA-PK by indirect immunofluorescence. HeLa cells growing on glass slides were fixed and stained by indirect
immunofluorescence. (A, C, and E) Phase-contrast photomicrographs of the HeLa cell monolayer (A and E) and A431 cells (C). (B and D)
Epifluorescence using MAb18-2 as the primary antibody; same fields as in panels A and C, respectively. (F) Epifluorescence using mixed

mouse IgGs as the primary antibody.

oligonucleotide with a single base change that disrupts Apl
binding activated DNA-PK with the same K, and V,, as its
cognate unaltered oligonucleotide.

Interaction with dsDNA. Considering the fact that phos-
phorylation of casein, a substrate not normally associated
with DNA in vivo, was nevertheless stimulated specifically
by dsDNA, several experiments were undertaken to test for
physical interaction of the enzyme with DNA under standard
reaction conditions in the absence of exogenous substrate.

Attempts to observe cosedimentation of purified enzyme and
DNA on glycerol gradients were frustrated by an inability to
recover enzyme activity, which resulted from irreversible
inactivation of DNA-PK at high glycerol concentrations.
Therefore, thermal inactivation studies were done in the
presence and absence of dsDNA. Exposure of DNA-PK to
DNA strikingly reduced the stability of the enzyme at 50°C
(Fig. 8). Loss of activity did not result from loss of the ability
of heated DNA to stimulate the enzyme, because unheated
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FIG. 5. Inhibition of DNA-PK activity by autophosphorylation.
A 375-ng sample of enzyme from the DNA-cellulose step was
incubated at 37°C under standard conditions in 50-ul reaction
volumes in the presence of 50 ug of salmon DNA per ml and 7.5 mM
MgCl, with (@) or without (O) 100 uM ATP. At the indicated times,
duplicate samples containing 30 ng of enzyme were withdrawn from
each tube and assayed for kinase activity by addition of casein to 1
mg/ml, DNA to 50 pg/ml, and [y-*?P]JATP. In a third tube, enzyme
was incubated exactly as described above in the presence of DNA
except that [y->’P]JATP (10 pCi/nmol) was also added. At the
indicated times, 10-pl samples were withdrawn, mixed with 2x
sample buffer, and subjected to SDS-PAGE on a 7.5% gel. After
drying and fluorography, radioactivity incorporated into the 300-
kDa polypeptide was determined by cutting the bands from the gel
and scintillation counting (A).

enzyme was fully activated by heat-treated preparations of
either DNA alone or DNA that had been heated in the
presence of enzyme (data not shown).

Binding of purified DNA-PK to dsDNA was also tested by
its ability to shift the electrophoretic mobility of a radiola-
beled oligonucleotide. 5'-End-labeled DNA was incubated
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FIG. 7. Phosphoamino acid analysis. Casein was phosphorylated
by using [y-*?P]ATP, acid hydrolyzed, and fractionated on a Dowex
50W-X4 column, and the fractions were analyzed for radioactivity.
The elution positions of O-phosphoamino acid standards are shown
by arrows.

with purified enzyme or nuclear extract in the presence or
absence of various unlabeled oligo- and polynucleotides or
monoclonal antibodies and then analyzed by 4% PAGE and
autoradiography (Fig. 9A). DNA-PK retarded the electro-
phoretic mobility of the same Apl-binding 35-bp oligonucle-
otide that was also a good activator of casein phosphoryla-
tion (Table 5), and increasing concentrations of a purified
enzyme preparation gave rise to an increasing number of
protein-DNA complexes, with a low-mobility complex ap-
pearing at the highest protein/DNA ratios (Fig. 9A, lanes 1 to
7). The same pattern of protein-DNA complexes was ob-
served with a nuclear extract in place of purified DNA-PK
(lane 8), and as with the purified enzyme, this pattern was
seen only in the absence of nonspecific DNA competitor
(data not shown). The low-mobility complex in both nuclear
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FIG. 6. Phosphorylation of purified proteins by DNA-PK. Substrate proteins were added at 250 pg/ml to a standard phosphorylation
reaction with and without sonicated salmon DNA. After 10 min, reactions were stopped with electrophoresis sample buffer and separated by
12.5% SDS-PAGE. The dried gel was fluorographed. The positions of size markers were determined by Coomassie staining and are indicated
in kilodaltons. Gels were exposed for 6 h (A) and 24 h (B). BSA, Bovine serum albumin.
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TABLE 3. Effects of different polynucleotides on stimulation
of casein phosphorylation

Polynucleotide Activity” Stimulation®
None 2.4 1.0
Sonicated salmon DNA 70.5 29.4
Poly(dI-dC) 38.8 16.2
Poly(dA-dT) 31.2 13.0
Poly(dG) - poly(dC) 16.1 6.7
Poly(rl) - poly(rC) 1.5 0.6
Poly(rG) - poly(dC) 0.0

“ Present at 100 pg/ml.

» Expressed as nanomoles of *?P transferred to a-casein per minute per
milligram at 37°C. Each reaction contained 100 ng of protein from the
DNA-cellulose fraction. Values are means of three experiments, with stan-
dard deviations within +10%.

< Ratio of casein phosphorylation with and without added polynucleotide.

extracts and purified enzyme could be supershifted by
incubation with a mixture of monoclonal antibodies specific
for the 300-kDa polypeptide (lanes 9 and 15) but not by a
monoclonal antibody against SV40 T antigen (lane 11) or a
mixture of mouse IgGs (lane 10). The supershift was also
specific for anti-300-kDa monoclonal antibodies in purified
enzyme preparations, and antibodies alone did not alter the
mobility of the labeled probe (data not shown). Addition of
100 pg of poly(dI-dC) per ml completely inhibited formation
of the two complexes of lowest mobility and substantially
reduced the amount of the third complex (lanes 12 and 14).
Considering the differences in the relative K s of different
types of DNA, however, competition by lower amounts of
DNA was used to determine whether some sequence spec-
ificity of DNA-PK binding could be discerned (Fig. 9B). In
this experiment, using a different enzyme preparation of
roughly equivalent purity to that used in Fig. 9A, only the
low- and highest-mobility complexes were observed. As
with activation of casein phosphorylation, binding of
DNA-PK to the oligonucleotide did not require a functional
Apl-binding site, since the mutant Apl oligonucleotide
competed for binding to the labeled Apl oligonucleotide as
efficiently as did the homologous unaltered oligonucleotide.

TABLE 4. Effects of physical structure of DNA on
DNA-PK activation

Activation
Polynucleotide Treatment K
< V,
(ng/ml) max
Bacteriophage lambda BstEII® 275 92.1
BstEIl + S1°¢ 530 99.6
pUC18 (highly supercoiled)  None ND 0.54
pUC18 (nicked) Freeze-thaw 2,100 4.5
EcoRl1 375 141.8
Salmon sperm Sonicated 1,114 94.5
Heat denatured ND 0.04

@ Oligo- or polynucleotides were added at various concentrations to stan-
dard kinase reactions containing 100 ng of purified DNA-PK from the
DNA-cellulose step in Table 1, plus 1 mg of casein per ml and 100 uM ATP.
The rate of casein phosphorylation was determined in duplicate reactions after
10 min at 37°C, and the apparent V., and K, for each nucleic acid were
determined by Lineweaver-Burk analysis. Units of activity for V,,,, are as in
Table 3 (see footnote b). ND, Not determined.

» DNA was digested to completion with the indicated restriction endonu-
clease.

< DNA was digested with S1 endonuclease after the restriction endonucle-
ase.

4 Activity was determined from triplicate reactions containing the polynu-
cleotide at 100 pg/ml.
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TABLE 5. Effect of DNA sequence on DNA-PK activation

Oligo- or Size Apparent K|, Relative

polynucleotide (bp) (ng/ml)® activation”©
Apl 35 191 1.25
AplM 35 199 1.12
Apl#2 22 28 1.73
Spl 22 70 1.31
NFxkB#1 22 95 2.13
NFxB#2 24 107 2.42
pUC18 (EcoRI digested) 2,686 375 1.50
Poly(dA-dT) ~1,000 2,924 0.45
Poly(dI-dC) ~1,000 442 0.53
Sonicated salmon DNA ~300 1,114 1.0

“ Synthetic double-stranded oligonucleotides were as follows. Apl#1 is the
transcription factor Apl-binding site from the human collagenase gene en-
hancer, GGATGTTATAAAGCATGAGTCAGACACCTCTGGCT. The Apl-
binding sequence is underlined. Ap1M is the same sequence with ATG at the
beginning of the Apl-binding site changed to AGG. AP1#2 is the consensus
Apl-binding site (from Stratagene, Inc.), CTAGTGATGAGTCAGCCGG
ATC. Spl is the transcription factor Spl-binding site (Stratagene, Inc.),
GATCGATCGGGGCGGGGCGATC. NFkB#1 is the transcription factor
NFkB-binding site from the mouse immunoglobulin light-chain enhancer,
CAGAGGGGACTTTCCGAGAGGC. NFkB#2 is the NFkB-binding site
from the human interleukin-2 enhancer. CAAAGAGGGATTTCACCTCAC-
TCC.

» Determined by Lineweaver-Burk analysis as described in Table 4, foot-
note a.

€ Vomax Telative to the V,,,, for salmon DNA, which was 94.5 nmol of 3P
transferred to casein per min per mg. The activity without added DNA was 3.4
nmol/min/mg.

However, two G+C-rich oligonucleotides containing bind-
ing sites for the transcription factors NFxB (34) and H2TF1
(3) competed about 10-fold less well than did the two
Apl-related oligonucleotides. In these experiments, the two
complexes of different mobilities were each competed for
with equivalent Kinetics by the unlabeled oligonucleotides.
Although salmon DNA and poly(dI-dC) were approximately
as good competitors of the high-mobility complex as were

% Activity

Minutes at 50°C

FIG. 8. Thermal inactivation of DNA-dependent kinase activity.
DNA-PK was incubated at 50°C in 16 mM HEPES (pH 7.9)-0.8 mM
EDTA-0.8 mM EGTA-50 mM KCI-10 mM MgCl, with (filled
symbols) or without (open symbols) 67 ug of sonicated salmon DNA
per ml. At the indicated times, samples were withdrawn to an ice
bath and tested for residual kinase activity by addition of casein and
[*2P]ATP, as well as addition of salmon DNA to those tubes that had
not been preincubated with DNA. Activity was measured under
standard conditions at a final DNA concentration of 50 ng/ml. Each
datum point is the average of duplicate reactions; results of two
separate experiments are shown. Results are expressed as percent-
age of activity of unheated samples.
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FIG. 9. Effect of DNA-PK on electrophoretic mobility of DNA.
A 0.5-ng sample of 3?P-labeled Apl oligonucleotide (Apl#1; see
footnote a of Table 5) was incubated with purified enzyme or nuclear
extract as indicated, and the complexes were resolved by electro-
phoresis as described in Materials and Methods. (A) In lanes 1 to 7,
0, 0.5, 1.0, 2.5, 10, 20, and 30 ng, respectively, of DNA-PK protein
from the DNA-cellulose step were included in the reactions, incu-
bated at 60 mM NaCl. Other lanes: 8 to 11, 1.7 pg of nuclear extract
plus no addition (lane 8), 1 ul of a mixture of MAb18-2, -42-26, and
-25-4 (0.33 pg each) in buffer B plus 0.1 M KClI (lane 9), 1 pl (1 pg)
of MAbM37 purified control antibody against SV40 T antigen (from
E. Harlow) (lane 10), and 1 pl of mixed mouse immunoglobulin G
(lane 11); 12 and 13, 30 ng of purified enzyme without antibodies and
with (lane 12) or without (lane 13) 100 pg of poly(dI-dC) per ml; 14
and 15, 30 ng of purified enzyme with 1 pl of the same monoclonal
antibody mixture as in lane 9, with (lane 14) or without (lane 15)
poly(dI-dC), incubated at 120 mM NaCl. (B) A 30-ng sample of
purified DNA-PK was incubated with labeled DNA at 150 mM NaCl
in the presence of the indicated amounts of unlabeled competitor
oligo- or polynucleotides (see footnote a of Table S for a description
of the oligonucleotides).

the G+C-rich oligonucleotides, poly(dI-dC) was almost as
efficient a competitor for the low-mobility complex as was
the Apl oligonucleotide itself.

DISCUSSION
DNA-PK appears to be a novel type of protein kinase. If
the 300-kDa polypeptide is indeed the enzyme, its combina-
tion of large size and monomeric structure would be unique
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among serine-threonine protein kinases: NI was reported to
exist as a monomer or homodimer (40) of 25-kDa subunits,
and the mouse spleen enzyme (28) was reported to exist as a
monomer with molecular mass of 45 kDa, whereas NIl is a
multisubunit enzyme composed of polypeptides in the range
of 20 to 60 kDa (9, 31, 38, 46). Several receptors for
polypeptide growth hormones possess protein kinase activ-
ity and have molecular masses approaching 300 kDa (44), but
all are tyrosine specific, and none has been found in associ-
ation with cell nuclei. We cannot at present rule out the
possibility that DNA-PK is another protein that strongly
associates with the 300-kDa polypeptide and requires this
association for its stability in vitro but is present in such
small amounts that it is not easily detected by silver staining.
If this were the case, its specific activity would have to be at
least an order of magnitude greater than that reported for
typical preparations of, for example, the NII casein kinase.
It would also be necessary to postulate that MAb18-2
interfered with this putative enzyme’s association with the
300-kDa polypeptide. Thus, the simplest explanation of our
data is that the 300-kDa polypeptide and DNA-PK are one
and the same.

Two published reports describe protein kinase activities
that have similarities to DNA-PK. An activity that copurified
with a polypeptide of approximately 300 kDa was partially
purified by Friedrich and Ingram (10), although no effect of
DNA was reported, and a DNA-stimulated protein kinase
activity has recently been found to phosphorylate unique
sites on hsp90 (18). The partial purification and characteri-
zation of this latter enzyme are described in the accompa-
nying paper (19). Direct biochemical comparison of this
activity to DNA-PK, including the phosphorylation sites on
hsp90 and partial peptide mapping of the autophosphory-
lated 300-kDa polypeptide from each preparation, suggest
that these two enzymes are either identical or very closely
related (T. H. Carter, S. P. Lees-Miller, and C. W. Ander-
son, J. Cell Biol. 109:217a, 1989).

The requirement for dsDNA is the most unusual charac-
teristic of DNA-PK. Highly purified enzyme was stimulated
as much as 60-fold by exogenous DNA for phosphorylation
of a-casein (Table 5). Earlier studies from our laboratory and
others also demonstrated that certain polypeptides in cell
extracts were phosphorylated only in the presence of
dsDNA (4, 41). The dependence of DNA-PK on dsDNA for
phosphorylation of casein and other substrates distinguishes
this enzyme from the mouse spleen kinase described by
Ohtsuki et al. (26-28).

The physical form of the DNA appears to be important for
stimulation of casein phosphorylation. The inability of most
supercoiled DNA preparations to activate DNA-PK effi-
ciently was consistent both in purified enzyme preparations
(Table 4) and in crude cell extracts (4). The possible impor-
tance of the structure of free ends of dsDNA for DNA-PK
activation was assessed by using several different restriction
endonucleases, as well as sonication, to generate DNA
fragments, and the resultant DNA preparations were also
treated with a single-strand-specific nuclease to generate
flush-ended DNA molecules. None of these treatments sub-
stantially changed the ability of each DNA preparation to
activate the enzyme as long as the DNA was not super-
coiled, indicating that neither short terminal regions of
single-stranded DNA nor specific terminal nucleotide se-
quences are required for activation. Thus, if DNA-PK is
activated by binding to free ends of dsDNA, this interaction
must be tolerant of a wide range of molecular structures. The
fact that a plasmid preparation containing an increased
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amount of nicked, closed circular DNA as a result of
freezing and thawing was found to activate the enzyme
(Table 4) is consistent with the requirement of DNA-PK for
nonsupercoiled dsDNA, as opposed to linear DNA mole-
cules containing free ends.

The increased rate of thermal inactivation of DNA-PK in
the presence of DNA shows direct protein-nucleic acid
interaction, as does the ability of purified DNA-PK to retard
the electrophoretic mobility of an oligonucleotide. It is
possible that enhanced thermal inactivation resulted from
partial denaturation of the DNA double helix in the vicinity
of DNA-PK binding, because denatured DNA can inhibit
DNA-dependent casein phosphorylation of DNA-PK under
certain conditions (4; Table 4), but a direct helicase assay
failed to show such activity for the purified enzyme (I.
Van¢urové and T. H. Carter, unpublished). A comparison of
the kinetic data for activation of DNA-PK in Table 5 with the
gel shift competition data in Fig. 9B suggests that DNA
activates the kinase activity of DNA-PK by binding to the
enzyme rather than to its substrates. The K, for kinase
activation by the Apl and NF«B oligonucleotides was
between 5 and 10 times lower than the K, for saimon DNA
but only 2 to 4 times lower than the K, for poly(dI-dC). The
fact that competition in the gel retardation assay reflected
approximately the same relative range of affinities argues for
direct activation of DNA-PK by binding to dsDNA.

The formation of several species of protein-DNA complex
with different electrophoretic mobilities, at least two of
which were competed for with similar kinetics by oligonu-
cleotides and sheared salmon DNA, is consistent either with
more than one DNA-binding site on each DNA-PK molecule
or the binding of more than one enzyme molecule to each
oligonucleotide. Either of these models would in turn be
consistent with the observation that the lowest-mobility
complex was present only at high protein/DNA ratios.
However, the inability of monoclonal antibodies against
DNA-PK to alter the mobility of the two fastest-running
complexes and the fact that Western blots of native gels
show that the bulk of the 300-kDa polypeptide migrates at
the position of the low-mobility complex in the presence or
absence of DNA (data not shown) suggest that other expla-
nations are more likely. One is that the enzyme preparation,
which had been purified over a DNA-cellulose column,
contained other, unrelated DNA-binding proteins that gave
rise to the two high-mobility complexes. Alternatively, it is
possible that the additional DNA-binding proteins which
copurify with DNA-PK are proteolytic fragments of the
enzyme that retain DNA-binding ability but have lost the
epitopes recognized by the monoclonal antibodies. Further
studies using more highly purified enzyme, and use of
additional monoclonal antibodies in supershift experiments,
may resolve this question.

Although binding of DNA-PK to the Apl oligonucleotide
was more efficiently competed for by the homologous unla-
beled oligonucleotide than by either of two G+C-rich oligo-
nucleotides or by sonicated salmon DNA, the fact that a
40-fold excess of all competitors substantially reduced the
binding of DNA-PK to the labeled oligonucleotide demon-
strates a generalized affinity of DNA-PK for DNA, regard-
less of sequence. Whether this general affinity for DNA is
reflected in the biological activity of DNA-PK or is an
artifact of in vitro assay conditions remains to be deter-
mined. The biological function of DNA-PK is not known.
However, the in vivo substrates for nuclear protein kinases
are likely to include chromatin or regulatory and structural
proteins associated with it. It is therefore reasonable that
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DNA, and in some cases specific DNA sequences, could
modify the activity or substrate specificity of these enzymes.
For example, many proteins that participate in transcription
or DNA replication bind to specific DNA sequences, and
kinases that regulate the activity of such proteins might
interact specifically with the same or neighboring regions of
DNA. We have recently learned that DNA-PK probably
phosphorylates the generalized transcription factor Spl in a
template-dependent manner (S. P. Jackson, J. J. MacDon-
ald, S. P. Lees-Miller, and R. Tjian, Cell, in press). Al-
though there is as yet no evidence for a specific effect of
DNA sequence on either binding or activation of DNA-PK,
it is possible that sequence specificity or a preference for
specific secondary structure exists in addition to a general-
ized affinity for DNA, because some types of DNA consis-
tently stimulated kinase activity better than others in vitro,
and binding to some oligonucleotides was kinetically favored
over binding to others. Insight into the cellular function of
DNA-PK may therefore come from identification of oligo-
nucleotide sequences that bind to DNA-PK with high af-
finity, and these experiments are currently in progress.
Further understanding will also require identification of in
vivo substrates and information about the regulation of
DNA-PK activity.

ACKNOWLEDGMENTS

We thank C. Anderson and S. Lees-Miller for communicating
data prior to publication; T. Shenk, U. Miiller, R. Weinmann, and
D. Bartelt for helpful suggestions; P. Paine for critically reading the
manuscript; T. Shenk and T. Robinson for production of monoclo-
nal antibodies; and U. Miiller, E. Fanning, C. Anderson, and S.
Lees-Miller for generous gifts of reagents.

The work was supported in part by Public Health Service grant
RO1 CA37761 (to T.H.C.) from the National Cancer Institute.

LITERATURE CITED

1. Angel, P., M. Imagawa, R. Chiu, B. Stein, R. J. Imbra, H. J.
Rahmsdorf, C. Jonat, P. Herrlich, and M. Karin. 1987. Phorbol
ester-induced genes contain a common cis element recognized
by a TPA-modulated trans-acting factor. Cell 49:729-739.

2. Arion, D., L. Meijer, L. Brizuela, and D. Beach. 1989. cdc2 is a
component of the M phase-specific histone H1 kinase: evidence
for identity with MPF. Cell 55:371-378.

3. Baldwin, A. S., Jr., and P. A. Sharp. 1988. Two factors, NFxB
and H2TF1, interact with a single regulatory sequence in the
class I MHC promoter. Proc. Natl. Acad. Sci. USA 85:723-727.

4. Carter, T. H., C. R. Kopman, and C. B. L. James. 1988.
DNA-stimulated protein phosphorylation in HeLa whole cell
and nuclear extracts. Biochem. Biophys. Res. Commun. 157:
535-540.

5. Carter, T. H., Z. Zakeri-Milovanovic, L. E. Babiss, and P. B.
Fisher. 1984. Accelerated onset of viral transcription in adeno-
virus-infected HeLa cells treated with the tumor promoter,
12-O-tetradecanoyl-phorbol-13-acetate. Mol. Cell Biol. 4:563—
566.

6. Desjardins, P. R., P. F. Lue, C. C. Liew, and A. G. Gornall.
1972. Purification and properties of rat liver nuclear protein
kinases. Can. J. Biochem. 50:1249-1258.

7. Dignam, J. D., R. M. Lebovitz, and R. G. Roeder. 1983.
Accurate transcription initiation by RNA polymerase II in a
soluble extract from isolated mammalian nuclei. Nucleic Acids
Res. 11:1475-1489.

8. Edelman, A. M., D. K. Blumenthal, and E. G. Krebs. 1987.
Protein serine/threonine kinases. Annu. Rev. Biochem. 56:567-
613.

9. Farrell, P. J., G. C. Sen, M. F. Dubois, L. Ratner, E. Slattery,
and P. Lengyel. 1978. Interferon action: two distinct pathways
of inhibition of protein synthesis by double-stranded RNA.
Proc. Natl. Acad. Sci. USA 75:5893-5897.



VoL. 10, 1990

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

Friedrich, T. D., and V. M. Ingram. 1989. Identification of a
novel casein kinase activity in HeLa cell nuclei. Biochim.
Biophys. Acta 992:41-48.

Hara, T., K. Takahashi, and H. Endo. 1981. Reversal of heparin
inhibition of nuclear protein kinase II by polyamines and
histone. FEBS Lett. 128:33-9.

Hashimoto, E., Y. Kuroda, Y. Ku, and Y. Nishizuka. 1979.
Stimulation by polydeoxyribonucleotide of histone phosphory-
lation by guanosine 3':5'-monophosphate-dependent protein ki-
nase. Biochem. Biophys. Res. Commun. 87:200-206.

Hunt, T. 1989. Maturation promoting factor, cyclin and the
control of M-phase. Curr. Opin. Cell Biol. 1:268-274.

Hunter, T. 1987. A thousand and one protein kinases. Cell
50:823-829.

Hunter, T., and J. A. Cooper. 1985. Protein-tyrosine kinases.
Annu. Rev. Biochem. 54:897-930.

Kornberg, R. D., J. W. LaPointe, and Y. Lorch. 1989. Prepara-
tion of nucleosomes and chromatin. Methods Enzymol. 170:3-
14.

Leach, K. L., E. A. Powers, V. A. Ruff, S. Jaken, and S.
Kaufmann. 1989. Type 3 protein kinase C localization to the
nuclear envelope of phorbol ester-treated NIH 3T3 cells. J. Cell
Biol. 109:685-695.

Lees-Miller, S. P., and C. W. Anderson. 1989. The human
double stranded DN A-dependent protein kinase phosphorylates
the 90 kilodalton heat shock protein Asp90 at two amino terminal
threonine residues. J. Biol. Chem. 264:17275-17280.
Lees-Miller, S. P., Y.-R. Chen, and C. W. Anderson. 1990.
Human cells contain a DN A-activated protein kinase that phos-
phorylates simian virus 40 T antigen, p53, and other regulatory
proteins. Mol. Cell. Biol. 10:6472-6481.

Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

Moreno, S., and P. Nurse. 1990. Substrates for p34°92: in vivo
veritas? Cell 61:549-551.

Morrison, D. K., D. R. Kaplan, J. A. Escobedo, U. R. Rapp,
T. M. Roberts, and L. T. Williams. 1989. Direct activation of
the serine/threonine kinase activity of Raf-1 through tyrosine
phosphorylation by the PDGF B-receptor. Cell 58:649-657.
Murray, A. W., and M. W. Kirschner. 1989. Dominoes and
clocks: the union of two views of the cell cycle. Science
246:614-621.

Nigg, E. A., H. Hiltz, H. M. Eppenberger, and F. Dutly. 1985.
Rapid and reversible translocation of the catalytic subunit of
cAMP-dependent protein kinase type II from the Golgi complex
to the nucleus. EMBO J. 4:2801-2806.

Ohno, S., Y. Akita, S. I. Konno, S. Imajoh, and K. Suzuki. 1988.
A novel phorbol ester receptor/protein kinase, nPKC, distantly
related to the protein kinase C family. Cell 53:731-741.
Ohtsuki, K., H. Shiraishi, T. Sato, and N. Ishida. 1982. Bio-
chemical characterization of a specific phosphate acceptor of
nuclear cyclic AMP-independent protein kinase. Biochim.
Biophys. Acta 719:32-39.

Ohtsuki, K., H. Shiraishi, E. Yamada, M. Nakamura, and N.
Ishida. 1980. A non-histone chromatin protein that is a specific
acceptor of nuclear cAMP-independent protein kinase from
mouse spleen cells. J. Biol. Chem. 255:2391-2395.

Ohtsuki, K., E. Yamada, M. Nakamura, and N. Ishida. 1980.
Mouse spleen nuclear protein kinases and the stimulating effect

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

41.

42.

43.

45.

HeLa DNA-ACTIVATED PROTEIN KINASE 6471

of dsDNA on NHP phosphorylation by cyclic AMP-indepen-
dent protein kinase in vitro. J. Biochem. 87:3545.

Potuzak, H., and U. Wintersberger. 1976. DNA covalently
linked to carboxymethyl-cellulose and its application in affinity
chromatography. FEBS Lett. 63:167-170.

Quarless, S. A. 1985. Identification of an ionic strength sensitive
nuclear protein Kinase activity from the cervical carcinoma
HeLa. Biochem. Biophys. Res. Commun. 133:981-987.

Rose, K. A., L. E. Bell, D. A. Siefkin, and S. T. Jacob. 1981. A
heparin-sensitive nuclear protein kinase. J. Biol. Chem. 256:
7468-7477.

Schaffer, N. K. 1967. Analysis for O-phosphoryl serine. Meth-
ods Enzymol. 11:702-706.

Sen, G. C., H. Taira, and P. Lengyel. 1978. Interferon, double-
stranded RNA, and protein phosphorylation. J. Biol. Chem.
253:5915-5921.

Sen, R., and D. Baltimore. 1986. Multiple nuclear factors
interact with the immunoglobulin enhancer sequences. Cell
46:705-716.

Sikorska, M., J. F. Whitfield, and P. R. Walker. 1988. The
regulatory and catalytic subunits of cAMP-dependent protein
kinases are associated with transcriptionally active chromatin
during changes in gene expression. J. Biol. Chem. 263:3005—
3011.

Simpson, R. T. 1981. Protein kinase in HeLa nucleosomes: a
reevaluation of the interactions of histones with the ends of core
particle DNA. Nucleic Acids Res. 5:1109-1119.

Singh, H., J. H. LeBowitz, A. S. Baldwin, Jr., and P. A. Sharp.
1988. Molecular cloning of an enhancer binding protein: isola-
tion by screening of an expression library with a recognition site
DNA. Cell 52:415-423.

Takahiko, K., and O. H. Lowry. 1973. Distribution of enzymes
between nucleus and cytoplasm of single nerve cell bodies. J.
Biol. Chem. 248:2044-2048.

Thornburg, W., and T. J. Lindell. 1977. Purification of rat liver
nuclear protein kinase II. J. Biol. Chem. 252:6660—6665.

. Thornburg, W., A. F. O’Malley, and T. J. Lindell. 1978.

Purification of rat liver nuclear protein kinase NI. J. Biol. Chem.
253:4638-4641.

Verma, R., and K. Yu Chen. 1986. Spermine inhibits the
phosphorylation of the 11,000- and 10,000-dalton nuclear pro-
teins catalyzed by nuclear protein kinase NI in NB-15 mouse
neuroblastoma cells. J. Biol. Chem. 261:2890-2896.

Walker, A. 1., T. Hunt, R. J. Jackson, and C. W. Anderson.
1985. Double-stranded DNA induces the phosphorylation of
several proteins, including the 90,000 MW heat shock protein in
animal cell extracts. EMBO J. 4:139-145.

Watanabe, N., G. F. Vande Woude, Y. Ikawa, and N. Sagata.
1989. Specific proteolysis of the c-mos proto-oncogene product
by calpain on fertilization of Xenopus eggs. Nature (London)
342:512-518.

. Yardeen, Y., and A. Ullrich. 1988. Growth factor receptor

tyrosine kinases. Annu. Rev. Biochem. 57:443-478.
Zandomini, R., and R. Weinmann. 1984. Inhibitory effect of
5,6-dichloro-1-B-p-ribofuranosylbenzimidazole on protein ki-
nase NII. J. Biol. Chem. 259:14804-14811.

. Zandomini, R., M. C. Zandomini, D. Shugar, and R. Weinmann.

1986. Casein kinase type Il is involved in the inhibition by
5,6-dichloro-1-B-p-ribofuranosylbenzimidazole of specific RNA
polymerase 1l transcription. J. Biol. Chem. 261:3414-3419.



