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DNA-dependent protein kinase: a potent
inhibitor of transcription by RNA

polymerase I
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DNA-dependent protein kinase (DNA-PK) comprises a catalytic subunit of ~350 kD (p350) and a DNA-binding
component termed Ku. Although DNA-PK can phosphorylate many transcription factors, no function for this
enzyme in transcription has been reported thus far. Here, we show that DNA-PK strongly represses
transcription by RNA polymerase I (Pol I). Transcriptional repression by DNA-PK requires ATP hydrolysis,
and DNA-PK must be colocalized on the same DNA molecule as the Pol I transcription machinery.
Consistent with DNA-PK requiring DNA ends for activity, transeriptional inhibition only occurs effectively
on linearized templates. Mechanistic studies including single-round transcriptions, abortive initiation assays,
and factor-independent transcription on a tailed template demonstrate that DNA-PK inhibits initiation (i.e.,
the formation of the first phosphodiester bonds) but does not affect transcription elongation. Repression of
transcription involves phosphorylation of the transcription initiation complex, and rescue experiments reveal
that the inactivated factor remains bound to the promoter and thus prevents initiation complex formation. We
discuss the possible relevance of these findings in regard to the control of rRNA synthesis in vivo.
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As with class II and III promoters, transcriptional initi-
ation by RNA polymerase I (Pol I} involves the stepwise
assembly of basal factors on the promoter to form a
preinitiation complex. Transcription complex formation
is nucleated by binding of the promoter selectivity fac-
tor, termed TIF-IB in rodents and SL1 in humans. TIF-
IB/SL1 is a multiprotein complex containing the TATA-
binding protein {TBP) and three TBP-associated factors
{polypeptides) (TAFs) (Comai et al. 1992; Eberhard et al.
1993; Rudloff et al. 1994). TIF-IB/SL1 then recruits Pol I
and two additional essential factors, TIF-IA and TIE-IC,
to the promoter and transcriptional initiation proceeds
{Schnapp and Grummt 1991; Schnapp et al. 1993, 1994).
The role of the fourth factor, termed UBEF, is less well
defined. This factor is much more abundant than TIE-IA,
TIF-IB, and TIF-IC and appears to activate Pol I transcrip-
tion in two ways. First, it may stabilize the binding of
TIF-IB/SL1 to the gene promoter and thus facilitate the
assembly of preinitiation complexes. Second, UBF acts
as an antirepressor by relieving inhibition exerted by a
negative-acting factor that competes for TIF-IB binding
to the ribosomal gene promoter (Kuhn and Grummt
1992).

Recently, we purified this repressor protein from Ehr-
lich ascites tumor cells and found that its biochemical
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properties resemble those of Ku (Kuhn et al. 1993). Ku,
originally identified as an antigen recognized by sera
from various autoimmune patients, is a moderately
abundant nuclear protein comprising polypeptides of
~70 and 80 kD in a tightly associated heterodimeric
complex (Francoeur et al. 1986; Mimori and Hardin
1986; Yaneva and Busch 1986; Reeves and Sthoeger
1989). Although some selective interactions with de-
fined promoter elements have been described, most evi-
dence indicates that Ku binds DNA in an essentially
sequence-independent fashion [Mimori and Hardin
1986; de Vries et al. 1989; Paillard and Strauss 1991;
Zhang and Yaneva 1992; Blier et al. 1993).

Because of its nuclear location and DNA-binding prop-
erties, it has been suggested that Ku may influence pro-
cesses such as transcription and replication. Consistent
with this, we and others have demonstrated that Ku is
the DNA recognition component of DNA-dependent
protein kinase (DNA-PK). In this enzyme, Ku functions
to recruit the ~350-kD catalytic component of the ki-
nase {p350) to the DNA (Dvir et al. 1993; Gottlieb and
Jackson 1993). Because p350 only expresses its catalytic
activities when tethered to the template, DNA-PK has
the unusual property of only being active when DNA
bound. Interestingly, DNA-PK has been found to phos-
phorylate RNA polymerase II and a variety of sequence-
specific regulatory transcription factors {e.g., Jackson et
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al. 1990; Lees-Miller et al. 1990; Anderson and Lees-
Miller 1992; Peterson et al. 1992; Bannister et al. 1993).
Although this suggests that DNA-PK plays a role in tran-
scriptional control, no effect of DNA-PK on transcrip-
tion has yet been reported.

Our finding that Ku exerts a negative effect on Pol
I-directed rDNA transcription prompted us to investi-
gate whether transcriptional repression is also effected
by the DNA-PK holoenzyme. Strikingly, we find that
DNA-PK is a much more potent inhibitor of Pol I tran-
scription than is Ku alone. Furthermore, we show that
repression of Pol I transcription by DNA-PK requires
ATP hydrolysis and is mediated by phosphorylation of
the Pol I transcriptional apparatus. The importance of
these findings for the regulation of Pol I transcription in
vivo are discussed with reference to recent reports im-
plicating Ku and DNA-PK in the repair of DNA double-
strand (ds) breaks and in site-specific V(D)J recombina-
tion {Finnie et al. 1995; Getts and Stamato 1994; Gott-
lieb and Jackson 1994; Rathmell and Chu 1994, Taccioli
et al. 1994).

Results
Repression of Pol I transcription by DNA-PK

Previously, we demonstrated that Ku associates stably
with the rDNA promoter and represses transcription by
Pol I, probably through a promoter occlusion mechanism
(Kuhn et al. 1993). Because Ku is a component of DNA-
PK, we investigated whether DNA-PK (consisting of Ku
plus p350) also mediates transcriptional repression. To
do this, increasing amounts of Ku or DNA-PK were
added to a Pol I transcription system reconstituted with
partially purified factors. As shown in Figure 1, both Ku
and DNA-PK evoke a dramatic reduction in Pol I tran-
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Figure 1. Inhibition of Pol I transcription by DNA-PK. Increas-
ing amounts of Ku (lanes 1-4) or DNA-PK (lanes 5-8) were
preincubated at room temperature with 10 ng of pMrWT/Nde L.
After 15 min, partially purified Pol I and transcription factors
were added and transcription reactions were initiated by addi-
tion of ribonucleotides. Reactions 1 and 5 contained no DNA-
PK or Ku. Other reactions contained 4.5 pl of Ku (lane 2), 6.25
pl of Ku (lane 3}, 9 pl of Ku (lane 4), 0.2 ul of DNA-PK (lane 6},
0.5 pl of DNA-PK (lane 7}, or 0.7 ul of DNA-PK (lane 8).
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scription. At the highest amounts of Ku or DNA-PK
added, TRNA synthesis is essentially abolished {quanti-
tation reveals that regulation can be >50-fold). Interest-
ingly, although the concentration of Ku polypeptides is
similar in the Ku and DNA-PK preparations, the DNA-
PK fraction inhibits transcription ~10-fold more effec-
tively (see legend to Fig. 1). This indicates that inhibition
of Pol I transcription occurs much more efficiently in the
presence of the DNA-PK catalytic subunit than in its
absence.

Transcription inhibition by DNA-PK requires
nucleotide hydrolysis

If p350 is involved in Pol I inhibition, we reasoned that
this is likely to be mediated by protein phosphorylation.
To test this, we assayed the effect of DNA-PK on tran-
scription under conditions where ATP and GTP were
substituted by AMP-PNP and GMP-PNP. These nonhy-
drolyzable analogs are effective substrates for Pol I but
cannot be used by protein kinases. In the presence of
these analogs, essentially no DNA-PK-mediated tran-
scriptional inhibition is observed {Fig. 2A, cf. lanes 5-8
with lanes 1-4). This indicates that transcriptional re-
pression by DNA-PK requires hydrolysis of the B-y bond
of ATP and/or GTP and implies that DNA-PK inhibits
Pol I transcription by a protein phosphorylation mecha-
nism.

In contrast to the repression of Pol [ transcription by
DNA-PK, inhibition by high amounts of Ku occurs
equally effectively in the presence of nonhydrolyzable
nucleotide analogs {Fig. 2B, cf. lanes 1 and 2 with lanes 5
and 6). This is consistent with previous studies suggest-
ing that high concentrations of Ku inhibit Pol I transcrip-
tion by binding to the rDNA template and preventing
Pol I transcription factors from associating with impor-
tant cis-acting elements {Kuhn et al. 1993).

As another approach to determine whether ATP hy-
drolysis by DNA-PK 1is required for Pol I inhibition, we
surveyed several protein kinase inhibitors for their ef-
fects. In this way, we discovered that 6-dimethyl amino
purine (DMAP] is a potent inhibitor of DNA-PK but does
not, on its own, affect Pol I transcription. This inhibition
of phosphorylation is observed both with model peptides
as substrate {data not shown) and with transcription fac-
tor Sp1 (Fig. 3A). The other proteins labeled in this assay
are derived from the kinase preparation, and the most
prominent of these corresponds to p350. Strikingly, in
the presence of DMAP, DNA-PK no longer inhibits Pol I
transcription effectively (Fig. 3B). Therefore, this result
provides additional evidence that transcriptional repres-
sion by DNA-PK is mediated by protein phosphoryla-
tion.

To address the specificity of DNA-PK in terms of in-
hibiting rRNA synthesis, we tested the effect on Pol I
transcription of adding protein kinase A, mitogen-acti-
vated protein {MAP] kinase, casein kinase II, or protein
kinase C. Importantly, we found that none of these has
any effect, even when used at concentrations greater
than that required for DNA-PK to elicit total transcrip-
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Figure 2. (A) DNA-PK does not inhibit Pol I transcription
when ATP and GTP are substituted by nonhydrolyzable ana-
logs. Previous studies have indicated that DNA-PK uses ATP
and, to a lesser extent, GTP, but cannot use UTP or CTP |Arias
etal. 1991; Peterson et al. 1992). Transcription assays contained
10 ng of pMrWT/Ndel, Pol I, transcription factors, and increas-
ing amounts of DNA-PK, as indicated. Reactions were per-
formed in the presence of ATP and GTP {lanes 1-4), or with
AMP-PNP and GMP-PNP (lanes 5-8). Lanes I and 5 contained
no DNA-PK; lanes 2 and 6 contained 0.05 ul of DNA-PK; lanes
3 and 7 contained 0.2 pl of DNA-PK; and lanes 4 and 8 con-
tained 1 pl of DNA-PK. (B) Inhibition of Pol I transcription by
high levels of Ku does not require ATP hydrolysis. pMrWT/
Ndel {15 ng) was preincubated for 15 min with no protein {lanes
1,3,5,7), 5 pl of Ku (lanes 2,6}, or 0.75 pl of DNA-PK (lanes 4,8).
Pol I and transcription factors were then added, and transcrip-
tion was initiated by the addition of nucleotides including ATP
and GTP (lanes 1-4) or AMP-PNP and GMP-PNP (lanes 5-8).

tion inhibition (data not shown). The inhibitory effect of
DNA-PK on Pol I transcription, therefore, appears to be
highly specific.

Anti-Ku antisera abrogate inhibition of Pol I
transcription by DNA-PK

Previously, we have demonstrated that various anti-Ku
antisera abolish DNA-PK activity (Gottlieb and Jackson
1993). Therefore, we investigated whether an anti-Ku an-
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tiserum could prevent the inhibition of Pol I transcrip-
tion by DNA-PK. The specificity of the anti-Ku autoim-
mune antiserum used in these experiments was first
demonstrated in an electrophoretic mobility-shift assay
using purified Ku and a radiolabeled double-stranded
DNA {dsDNA) oligonucleotide (Fig. 4A). Addition of this
antiserum results in the DNA/Ku complex becoming
retarded further in its electrophoretic mobility, indicat-
ing that the antibodies recognize Ku but do not prevent
DNA binding. When added to in vitro transcription re-
actions, the anti-Ku antiserum eliminates DNA-PK-me-
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Figure 3. DNA-PK inhibition of Pol I transcription is abrogated
by kinase inhibitor DMAP. (A} Spl phosphorylation assays were
conducted with 1.5 ul of DNA-PK in the absence {lanes 1,2} or
presence (lanes 3,4) of 80 ng of purified Spl. Lanes I and 3 lacked
DMAP, whereas lanes 2 and 4 contained 2.5 mm DMAP. Pro-
teins were resolved by electrophoresis on an 8% SDS—polyacryl-
amide gel and detected by autoradiography. The location of Spl
is indicated. (B) DMAP relieves repression of Pol I transcription
by DNA-PK. Transcription assays were conducted using 5 ul of
ascites nuclear extract and 25 ng of pMrWT/Ndel. DNA and
extract were preincubated at 30°C with 0.2 mm of ATP in either
the absence (lanes 1,2) or presence (lanes 3,4) of 1 ul of DNA-PK.
Lanes 1 and 3 lacked DMAP, whereas lanes 2 and 4 contained
2.5 mm DMAP. After 30 min, transcription was initiated by the
addition of the missing ribonucleotides and incubation contin-
ued for a further 30 min.
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Figure 4. Inhibition of DNA-PK activity A
by an anti-Ku antiserum. (A) Electropho-
retic mobility-shift assay. Purified Ku (Bio-
Rex 70 fraction; 3 ul) was preincubated for
20 min at 30°C either with control serum
(lanes 1-4) or with anti-Ku antiserum
(lanes 5-8). Then, 0.1 pmole of a radiola-
beled dsDNA oligonucleotide containing
the ribosomal core promoter were added
and incubation was continued for another
30 min. DNA-protein complexes were an-
alyzed on a 4% native polyacrylamide gel.
Lanes 1 and 5 contained no antiserum;
lanes 2 and 6 contained 0.03 pl of antise-
rum; lanes 3 and 7 contained 0.15 ul of
antiserum; lanes 4 and 8 contained 0.75 pl
of antiserum. The electrophoretic posi-
tions of free DNA, the Ku/DNA complex,
and the antibody/Ku/DNA complex are
indicated. (B) Effect of anti-Ku antiserum
on DNA-PK-mediated inhibition of Pol I
transcription. Control serum {0.15 ul)
(lanes 1,2) or anti-Ku antiserum (lanes 3,4)
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Antibody/Ku/DNA —m=
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Free probe —= \
e
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was preincubated for 15 min at room temperature with Pol I and transcription initiation factors TIF-1A, TIF-IB, TIF-IC, and UBF.
Preincubations were performed in the absence (lanes 1,3) or presence (lanes 2,4) of 0.75 pl of DNA-PK. After addition of 10 ng of
pMrWT/Ndel, incubations were continued for another 15 min before transcription was initiated by the addition of ribonucleotides.

diated repression of rRNA synthesis, whereas a control
antiserum that does not recognize Ku has no effect (Fig.
4B). Similar abolition of DNA-PK repression is also ob-
tained with an anti-Ku monoclonal antibody that inhib-
its the binding of Ku to DNA {data not shown). These
data confirm that Ku plays an important role in the in-
hibition of Pol I transcription by DNA-PK. We have
shown previously by UV protein/DNA cross-linking
that p350 is targeted to DNA by association with Ku and
that anti-Ku autoimmune antisera block the Ku—-p350
interaction (Gottlieb and Jackson 1993). Therefore, the
abolition of Pol I transcriptional repression by the anti-
Ku antiserum provides additional evidence that p350 ex-
ecutes an important function in this process.

Transcriptional repression requires DNA ends

It has been established that DNA-PK activation requires
DNA double-strand breaks and does not occur with
closed circular DNA molecules {Carter et al. 1990; Got-
tlieb and Jackson 1993). Therefore, we compared the ef-
fects of DNA-PK on transcription from both linear and
circular tDNA templates. In these experiments, an
rDNA minigene construct pMrC552-650 was used in
which a fragment containing a Pol I-specific transcrip-
tion terminator is inserted downstream of the promoter
(Fig. 5A). In the reconstituted transcription system,
which contains limiting amounts of transcription termi-
nation factor TTF-I, about half of the transcripts synthe-
sized terminate specifically at the terminator. Therefore,
on a linearized template, two types of RNA are pro-
duced: one corresponding to terminated transcripts, and
the other corresponding to readthrough transcripts that
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terminate at the EcoRI site at the end of the DNA mol-
ecule. On the uncut template, however, long readthrough
transcripts are observed at the top of the gel in addition
to the terminated transcripts. In the case of the linear
template, we found that DNA-PK causes a dramatic in-
hibition of both terminated and readthrough transcrip-
tion {Fig. 5B, lanes 1-3). In contrast, no effect is observed
on transcription from the closed circular DNA (lanes 4-6).
These results are therefore consistent with transcrip-
tional inhibition by DNA-PK requiring free DNA ends.

DNA-PK and the Pol I transcription complex
must be colocalized on the same DNA molecule

An important question concerning the mechanism of
transcriptional inhibition by DNA-PK is whether the ki-
nase must be bound to the same template as its target
transcription complexes or whether it can function in
trans from another DNA molecule. To address this is-
sue, transcription reactions were performed in the pres-
ence of increasing amounts of a synthetic double-strand
oligonucleotide as a nonspecific competitor, the ratio-
nale being that oligonucleotide addition would titrate
DNA-PK away from the rDNA template. As shown in
Figure 6A, oligonucleotide addition abolishes the ability
of DNA-PK to inhibit Pol I transcription {lanes 4-6). In
the absence of DNA-PK, however, the oligonucleotide
has a minimal effect (lanes 1-3). Significantly, oligonu-
cleotide addition does not inhibit the inherent catalytic
activity of DNA-PK, as demonstrated by peptide phos-
phorylation experiments (Gottlieb and Jackson 1993). If
DNA-PK only functions in cis, one would predict that it
would work most efficiently at low template concentra-
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Figure 5. Inhibition of Pol I transcription by DNA-PK requires
DNA ends. (A) Schematic representation of the rDNA minigene
construct pMrC552-650. The open bar represents sequences
from the 5’ region of the murine rDNA repeat, including 167
nucleotides derived from the CAT gene. The black box repre-
sents the 18-bp Sal box terminator element flanked by 3'-ter-
minal sequences extending to positions + 552 and + 650 with
respect to the end of the 285 rRNA (solid bar). (B) Transcription
reactions were performed in the presence of 10 ng of the mini-
gene pMrC552-650. The template was either linearized with
EcoRI {lanes 1-3) or was used in the uncut circular form (lanes
4-6). Reactions contained no DNA-PK (lanes 1,4), 0.1 ul of
DNA-PK (lanes 2,5), or 1 pl of DNA-PK (lanes 3,6). The posi-
tions of terminated and readthrough transcripts are indicated.

tions, where all DNA molecules contain bound kinase.
Indeed, we find that a given amount of DNA-PK inhibits
Pol I transcription strongly when 5 ng of rtDNA is used
but only weakly with 25 ng of template {Fig. 6B).

In all of the above studies, the rRNA promoter was
positioned close to the end of the linear DNA molecule.
Although DNA ends are required for the initial binding
of Ku/DNA-PK to DNA, previous reports have suggested
that once bound to the template, it can then translocate
to internal positions on the DNA molecule (de Vries et
al. 1989; Paillard and Strauss 1991; Gottlieb and Jackson
1993). We were thus prompted to test whether transcrip-
tional inhibition was affected by the location of the
DNA ends in regard to the transcription complex. As
shown in Figure 6C, DNA-PK is equally effective at in-
hibiting Pol I transcription when the DNA end is close
upstream, close downstream, or >1500 bp away from the
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transcriptional initiation site. Although a DNA looping
pathway cannot be excluded, we speculate that DNA-
PK/Ku gains access to the Pol I transcriptional machin-
ery by a DNA-scanning mechanism.
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Figure 6. DNA-PK must bind to the same template molecule
as the Pol I transcription complex to repress fRNA synthesis but
functions equally effectively from proximal and distal DNA
ends. (A) Oligonucleotide competition assays. pMrWT/Ndel (10
ng) was transcribed in the absence {lanes 1-3) or presence (lanes
4-6) of 0.5 pl of DNA-PK. Reactions were conducted in the
absence of oligonucleotide {lanes 1,4} or contained 0.25 pmole
(lanes 2,5) or 0.75 pmole (lanes 3,6} of a DNA oligonucleotide
containing the octamer target sequence. (B} DNA-PK only
works effectively at low template concentrations. Transcription
assays were conducted as in A in the absence of DNA-PX (lanes
1,4), or in the presence of 0.2 pl {lanes 2,5} or 0.4 pl {lanes 3,6}
of DNA-PK. Lanes 1-3 and lanes 4-6 contained 5 ng and 25 ng
of the template pMrWT/Ndel, respectively. {C) Varying the dis-
tance between DNA ends and the rDNA promoter does not
affect DNA-PK-mediated transcriptional inhibition. The mini-
gene construct pMrC552-650 (10 ng) was linearized with Pstl
(lanes 1-4), EcoRI (lanes 5-8), or Cfr10 I {lanes 9-12) and tran-
scribed in the presence of recombinant transcription termina-
tion factor TTFI to yield 348-nucleotide terminated transcripts.
Reactions contained no DNA-PK (lanes 1,5,9), 0.5 wl of DNA-
PK (lanes 2,6,10), 0.75 ul of DNA-PK (lanes 3,7,11), or 1 ul of
DNA-PK (lanes 4,8,12). The position of the rDNA insert {bold
line) within the linearized plasmid fragments is indicated
above. The numbers at the ends correspond to the numbers of
nucleotides that the ends are upstream (-} or downstream {+}
of the initiation site.
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Figure 7. DNA-PK can function after preinitiation complex
formation. (A) Single-round transcription assays. Pol I and tran-
scription initiation factors were preincubated with 10 ng of tem-
plate pMrWT/Ndel at room temperature. After 15 min, 0.75 ul
of DNA-PK was added (lanes 2,4} and incubations were contin-
ued for an additional 15 min before transcription was initiated
by the addition of ribonucleotides; reactions were then con-
ducted for 30 min at 30°C. To prevent reinitiation of transcrip-
tion in lanes 3 and 4, heparin was added to a final concentration
of 15 pg/ml to the preinitiation complexes assembled with
DNA-PK together with ribonucleotides. (B) Runoff and trimer
transcription assays. pMrWT/Ndel {30 ng; lanes 1-6) or pB-
SSK*/EcoRI {30 ng; lanes 7,8) was preincubated with Pol I and
transcription factors at 30°C in a 50-pl reaction containing 0.5
mM each of ATP and CTP. Preincubations were performed with-
out (lanes 1,2,5-8) or with (lanes 3,4) 2.5 mm DMAP. After 30
min, 1.5 pl of DNA-PK were added to lanes 2, 4, 6, and 8, and
incubations were continued for another 15 min. Reactions were
then divided into two equal portions; one was used to synthe-
size runoff transcripts by the addition of 0.5 mm GTP, 10 pM
UTP, and 2 p.Ci of [a-3*P]UTP; the other was used to synthesize
ACU trimers by the addition of 5 pCi of [a-*?PJUTP alone. Run-
off and trimer transcription products are indicated by arrows in
the upper and lower panels, respectively. Lanes 5 and 6 gener-
ated no runoff or trimer transcripts. Because these reactions
contained Pol I but no other Pol I factors, this demonstrates that
transcription is dependent on these other factors. Lanes 7 and 8,
similarly, produced no products. Because these reactions con-
tained vector DNA lacking the rDNA sequences, this shows
that transcription observed in lanes 1-4 is Pol I promoter de-
pendent.

DNA-PK functions in single-round Pol I
transcription assays

The repression of transcription by DNA-PK could poten-
tially involve inhibition of preinitiation complex forma-
tion, transcription initiation, and/or transcription elon-
gation. As a first step toward identifying the mechanism
of DNA-PK action, we performed single-round transcrip-
tion experiments. In these assays, transcription preiniti-
ation complexes were assembled on the rDNA promoter
by preincubating the template with partially purified
transcription factors TIF-IA, TIF-IB, TIF-IC, UBF, and Pol
1. After complex formation, DNA-PK was then added and
transcription was initiated by the addition of ribonucle-
otides. Reactions were performed in the absence (Fig. 7A,
lanes 1,2) or in the presence {lanes 3,4) of 15 pg/ml of
heparin. At this concentration of heparin, preformed Pol
I preinitiation complexes are not disrupted, but assembly
of new complexes and reinitiation is prevented (Hawley
and Roeder 1985; A. Kuhn, unpubl.). Clearly, inhibition
of transcription is still observed when DNA-PK is added
after the formation of fully assembled complexes in both
multiple- and single-round transcription reactions. This
indicates that DNA-PK can act at a step after preinitia-
tion complex assembly, presumably by disrupting such
complexes or by blocking either transcriptional initia-
tion or elongation.

DNA-PK inhibits abortive initiation by Pol I
In an attempt to pinpoint the steps at which DNA-PK
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exerts its inhibitory effects, abortive initiation assays
were performed. In these experiments, partially purified
Pol I and transcription factors were incubated with the
DNA template in the presence of ATP plus CTP (the first
two nucleotides of the mouse pre-rRNA) to form initi-
ated complexes. DNA-PK was then added, and the reac-
tion was divided into two parts. One-half was supple-
mented with GTP and labeled UTP, and transcription
was allowed to proceed for 30 min. The other half was
supplemented with labeled UTP alone and was incu-
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bated for 15 min. In the latter reactions, Pol I catalyzes
the incorporation of the third nucleotide into the TRNA.
However, as the subsequent ribonucleotide used in
tRNA synthesis (GTP) is not present, Pol I cannot prog-
ress further into the elongation phase of transcription.
Instead, it releases the trinucleotide pppApCpU from the
template and, without leaving the ternary transcription
complex, begins transcription again (McClure 1980). In
this assay, therefore, abortive transcriptional initiation
but not elongation takes place. Significantly, we find
that DNA-PK inhibits both full-length runoff transcrip-
tion (Fig. 7B, top) and trimer synthesis {bottom). This
result indicates that DNA-PK represses transcriptional
initiation or promoter clearance, or both.

DNA-PK targets components of the Pol I
transcriptional machinery

The above results suggest that DNA-PK represses Pol I
transcription by phosphorylating a component of the Pol
I transcriptional apparatus. One possibility is that DNA-
PK inhibits transcription by phosphorylating Pol I and
thus decreases or abolishes its catalytic activity. To de-
termine whether this is the case, we used “tailed tem-
plate” assays in which Pol I initiates transcription in a
nonspecific fashion that is independent of other Pol I
general transcription factors {Kuhn et al. 1990). When
DNA-PK was used in such assays, it was found to have
no effect (Fig. 8). Importantly, these experiments were
conducted under essentially the same conditions as
those used for specific transcription assays, where DNA-
PK inhibits transcription strongly. Moreover, peptide
phosphorylation assays indicate that DNA-PK is highly
active in the tailed template transcription reactions {data
not shown). Taken together with other data, these re-
sults indicate that DNA-PK represses specific factor-de-
pendent transcription by Pol I but does not affect factor-
independent initiation or transcriptional elongation.

To identify the relevant target for DNA-PK in the Pol
I transcription apparatus, we performed experiments in
which DNA-PK alone, or DNA-PK in combination with
individual Pol I initiation factors, were preincubated ei-
ther in the presence or absence of ATP {Fig. 9). To pre-
vent dephosphorylation of target proteins occurring dur-
ing subsequent incubation steps, the ATP analog ATPvS
was employed. Next, DMAP was added to inhibit DNA-
PK activity, and transcription was initiated by the addi-
tion of remaining factors and nucleotides. When DNA-
PK alone is present in the preincubation reaction, no
transcriptional inhibition is observed {lanes 1,2). This
finding demonstrates that autophosphorylation of DNA-
PK is not involved in the repression of transcription.
Similarly, no inhibition of transcription occurs when
DNA-PK is preincubated with UBF (lanes 5,6), revealing
that UBF is not a relevant DNA-PK target. In contrast,
preincubation with TIF-IB results in a reproducible inhi-
bition of transcription (lanes 3,4). This result suggests
that DNA-PK targets either the TBP-containing TIF-IB
factor itself or another component present in the par-
tially purified TIF-IB fraction. Significantly, the DNA-PK
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Figure 8. DNA-PK does not inhibit transcription elongation.
Tailed template pCAT552-650/Smal (20 ng) was transcribed
with 7.5 ul of Pol I in the absence of DNA-PK {lanes 1,3) or
presence of 1.5 pl of DNA-PK (lanes 2,4). Reactions contained
200 pg/ml of a-amanitin, 0.5 mMm of the dinucleotide UpG {to
prime unspecific transcription of Pol 1), and either ATP (lanes
1,2) or AMP-PNP (lanes 3,4). Note that the relationship between
the amount of DNA-PK and the amount of tailed template was
the same as that used in specific transcription assays. Peptide
phosphorylation studies indicate that DNA-PK is active in
tailed template reactions {data not shown).

inhibitory effect increases when the preincubation reac-
tions not only contain TIF-IB but also UBF, Pol [, or a
combination of all factors (lanes 7-12). One explanation
for these results is that the formation of higher order
complexes renders the target proteins more accessible to
DNA-PK.

An important question regarding the molecular mech-
anism of DNA-PK-mediated transcriptional inhibition is
whether phosphorylation of the transcriptional machin-
ery leads to the disruption of the initiation complex or
whether inactive complexes remain associated with the
rDNA promoter. To address this question, we performed
rescue experiments (Fig. 10). In these studies, transcrip-
tion complexes were first phosphorylated by DNA-PK.
Next, each of the chromatographic fractions needed for
transcription was added back to separate reactions, to-
gether with DMAP to ensure that DNA-PK would not
phosphorylate the added factors. Addition of the individ-
ual factors to control reactions lacking DNA-PK does not
increase transcription significantly, indicating that sat-
urating amounts of each of the Pal I factors were used to
assemble the preinitiation complexes (lanes 1-6). Inter-
estingly, DNA-PK-mediated transcriptional inhibition
cannot be rescued by the addition of either TIF-IB {lane
8), UBF (lane 9), Pol I {lane 10), or TIF-IA/TIF-IC {lane
11). Even supplementing the reaction with all factors
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Figure 9. Phosphorylation of the TIF-IB fraction by DNA-PK
decreases transcription. Reactions containing 20 ng of template
DNA, 1.5 pl of DNA-PK, and the factors indicated above the
lanes were preincubated in the absence of ATPS or in the pres-
ence of 0.2 mm of ATPvS. After 20 min, DNA-PK was inhibited
by addition of 2.5 mm DMAP, and the assays were comple-
mented with the missing factors. ATPyS (0.2 mm) was added to
the ATP-free reactions and incubation was continued for an-
other 20 min to allow the assembly of initiation complexes.
Transcription was started by adding the missing nucleotides.

together fails to restore transcription {lane 12). These
results suggest that the protein that is inactivated by
DNA-PK remains bound to the promoter and cannot be
replaced effectively by untreated factors added subse-
quently.

Discussion

We have demonstrated that DNA-PK, comprising Ku
plus p350, functions as a powerful inhibitor of Pol I tran-
scription. Because we had shown previously that Ku
alone also represses transcription and that this is medi-
ated by template occlusion, it was important to establish
whether inhibition by DNA-PK occurs solely through
this route or whether p350 is also involved. Several lines
of evidence indicate that p350 is involved in transcrip-
tional repression and that its effects are mediated by
phosphorylation. First, DNA-PK inhibits transcription
~10-fold more effectively than Ku alone. Second, inhi-
bition of transcription by DNA-PK does not occur in the
presence of nucleotide analogs AMP-PNP and GMP-
PNP, indicating that it requires nucleotide hydrolysis.
Third, antibodies against Ku that do not inhibit Ku bind-
ing to DNA but interfere with p350 recruitment, abro-
gate transcriptional repression by DNA-PK. Fourth, Pol I
transcription inhibition by DNA-PK does not occur in
the presence of DMAP, which inhibits kinase activity. In
contrast, inhibition by high amounts of Ku still occurs in
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the presence of DMAP, and with AMP-PNP and GMP-
PNP.

If the inhibition of Pol I transcription by purified
DNA-PK is of significance, one would expect that DNA-
PK present in crude cell extracts would serve as an en-
dogenous transcriptional repressor. In line with this, we
attain higher levels of transcription using circular tem-
plates than with linear templates (see Fig. 5). Moreover,
we find that DMAP addition to crude murine transcrip-
tion extracts leads to increased Pol I transcription {e.g.,
Fig. 3B, cf. lanes 1 and 2). This indicates that an endog-
enous kinase in murine extracts represses transcription
by Pol I. When DMAP is added to HeLa cell extracts,
even larger stimulations of Pol I transcription are ob-
tained (data not shown), consistent with the fact that
human cells contain much more DNA-PK than mouse
cells (Anderson and Lees-Miller 1992; Finnie et al. 1995).
Furthermore, in line with the fact that DNA-PK func-
tions in cis and therefore operates efficiently only at low
template concentrations, we find that the addition of
DMAP to HelLa cell extracts stimulates transcription ef-
fectively only when low amounts of template are used.
Although we cannot exclude the possibility that tran-
scriptional activation by DMAP is through it inhibiting
some other negatively acting kinase, these data suggest
strongly that endogenous DNA-PK in crude mammalian
cell extracts represses Pol I transcription. Interestingly,
Labhart (1994) has reported recently that a DMAP-sen-
sitive inhibitor of Pol I transcription exists in Xenopus
and that this inhibitor acts after preinitiation complex

— DNA-PK + DNA-PK
r 1 1
& L
&’ %
> & ...f'\ &
N \h' \5\} \Q‘ W .\,}\L\
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Figure 10. Transcriptional inhibition is not rescued by indi-
vidual transcription factors. Template DNA (15 ng of pMIWT/
Ndel) and saturating amounts of TIF-IB, UBF, Pol I, and TIF-IA/
TIF-IC were incubated in the presence of 0.2 mm of ATPyS
either without DNA-PK (lanes 1-6) or with 1 ul of DNA-PK
(lanes 7-12). After 30 min, DNA-PK activity was inhibited by
the addition of 2.5 mM of DMAP, and reactions were supple-
mented with additional TIF-IB (lanes 2,8), UBF (lanes 3,9), Pol I
(lanes 4,10), TIF-IA/TIF-IC {lanes 5,11, or with a combination
of all factors (lanes 6,12). Transcription reactions were initiated
by the addition of CTP, GMP-PNP, and [*?PJUTP and allowed to
proceed for 30 min.
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formation. Because of the strong parallels with our find-
ings, and in light of the fact that DNA-PK is present in
Xenopus {Anderson and Lees-Miller 1992, Finnie et al.
1995), it is tempting to speculate that the endogenous
Pol 1 inhibitor identified by Labhart (1994} is Xenopus
DNA-PK.

To determine the steps in Pol I transcription at which
DNA-PK functions, we performed single-round tran-
scription experiments, abortive initiation assays, and
factor-independent transcription of a tailed template. We
find that DNA-PK still represses transcription in single-
round transcription assays, demonstrating that it can ei-
ther disrupt preformed transcription complexes or in-
hibit a later stage of the transcription process. To see
whether DNA-PK inhibits the formation of the first
phosphodiester bonds of fRNA, we measured its effects
on the synthesis of abortive trimer transcripts. These
studies revealed that DNA-PK inhibits trinucleotide for-
mation efficiently, suggesting that DNA-PK represses
transcriptional initiation or promoter clearance, or both.
In contrast with its effects in other assays, DNA-PX is
unable to repress Pol I transcription in tailed template
experiments, where transcriptional initiation occurs in a
nonsequence-specific fashion that is independent of aux-
illary transcription factors. These results suggest that
the transcriptional elongation activity of Pol I is not af-
fected by DNA-PK-mediated phosphorylation.

As an approach to define relevant targets for DNA-PK,
we prephosphorylated Pol I and the individual initiation
factors and then compared their activities with un-
treated controls. These studies indicated that the activ-
ity of TIF-IB, the TBP-containing factor that confers
promoter selectivity to Pol I, is inhibited by DNA-PK.
However, the presence of Pol I and the two Pol I-asso-
ciated factors TIF-IA and TIF-IC augments transcrip-
tional repression. These observations can be interpreted
in two ways. One is that transcriptional inhibition is
mediated by proteins that are present as a contaminant
in the partially purified fractions and that this putative
factor can only repress transcription when phosphory-
lated by DNA-PK. The other explanation, which we cur-
rently favor, is that DNA-PK inhibits TIF-IB by targeting
one or more subunits of this multiprotein complex. In
this case, the enhanced inhibition caused by Pol I and the
TIF-IA/TIF-IC fraction might be attributed to these fac-
tors stabilizing the interaction of TIF-IB with the tem-
plate or by them inducing a conformational alteration in
TIF-IB that facilitates recognition by DNA-PK. The sug-
gestion that TIF-IB may be the DNA-PK target is sup-
ported by the fact that transcriptional inhibition cannot
be overcome by the subsequent addition of any or all of
the transcription factor fractions, implying that the in-
activated target protein remains bound to the template
and prevents the assembly of productive initiation com-
plexes.

An important question regarding DNA-PK is whether
it can access the Pol I transcriptional machinery within
the cell. Previous studies have shown that Ku exists
within the nucleolus and nuclear cortex (Higashiura et
al. 1992) and have revealed that nucleolar localization

DNA-PK: an inhibitor of Pol I transcription

varies throughout the cell cycle {Yaneva and Jhiang
1991). When we analyzed the localization of Ku and
p350, we found that both can be detected in the nucleo-
plasm and in nucleoli, indicating that DNA-PK is likely
to be able to access the Pol I transcriptional apparatus in
vivo (data not shown). We found, however, that nucleo-
lar staining varies considerably from cell to cell; in some,
nucleoli stain intensely, whereas in others, essentially
no nucleolar fluorescence can be detected for either Ku
or p350. Interestingly, cell synchronization experiments
that we have performed reveal that both Ku and p350 are
present in the nucleoli of G, phase cells, but neither are
detectable in the nucleoli of S-phase cells. Although the
physiological consequences of such changes in localiza-
tion are unclear, it is tempting to speculate that changes
in DNA-PK distribution might mediate cell cycle varia-
tions in TRNA synthesis, or might reflect cell cycle-de-
pendent differences in the ability of the cell to modulate
transcription in response to DNA damage (see below).

The finding that DNA-PK activation requires DNA
ends or other discontinuities in the DNA double helix
{Gottlieb and Jackson 1993; Morozov et al. 1994) has
suggested that DNA-PK might be involved in recombi-
nation and/or DNA repair. Indeed, it has been shown
recently that Ku DNA-binding function and DNA-PK
activity are absent in the cell line xrs-6 that is defective
in DNA double-strand break repair and V(D)] recombi-
nation (Finnie et al. 1995, Getts and Stamato 1994; Gott-
lieb and Jackson 1994; Rathmell and Chu 1994, Taccioli
et al. 1994). Furthermore, we have established that Ku80
expression complements the defects of xrs-6 cells and
have concluded that the 80-kD subunit of Ku is encoded
by the gene XRCC5 (Taccioli et al. 1994). On this basis,
we speculate that the inhibition of Pol I transcription by
DNA-PK may be an important response to dsDNA
breaks generated within or in the vicinity of the tDNA.
Specifically, we propose that DNA-PK plays two distinct
roles in ensuring the efficient repair of double-strand
breaks in rRNA transcription units. First, it might act to
inhibit the very high transcription across this region that
would otherwise interfere with the assembly and func-
tioning of the DNA repair apparatus. Second, DNA-PK
might function in repair itself, either directly or by re-
cruiting or activating components of the repair machin-
ery. DNA-PK may also perform analogous roles at sites
of recombination. Finally, it is possible that DNA-PK
plays similar roles at DNA breaks in Pol II and Pol III
transcription units, although the effect of DNA-PK Pol II
and Pol III transcription remains to be determined.

Materials and methods
Plasmid constructs

The minigene construct pMrC552-650 contains murine 5’ ter-
minal ribosomal sequences from ~ 169 to + 155, a 167-bp Stul—-
Pvull fragment from the chloramphenicol acetyltransferase
(CAT) gene and a 3' terminal rDNA spacer fragment spanning
sequences +552 to +650 with respect to the 3’ end of the 28S
rRNA-coding region. The tailed template pCAT554-650 con-
tains 151 nucleotides from the bacterial CAT gene fused to a
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97-bp fragment derived from the 3’-terminal murine rDNA
spacer. Synthesis of the single-stranded 3’ extension by ligation
of the oligonucleotide 5'-GATCAAAAAAACCA-3' to the Bglll
site of pCAT554-650 has been described previously (Kuhn et al.
1990). pMrWT contains a 324-bp 5’ terminal Sall-Smal frag-
ment (from —169 to +155), including the murine ribosomal
gene promoter.

Purification of DNA-PK, Ku, transcription factors, and Pol 1

Cultivation of Ehrlich ascites cells, extract preparation, and
fractionation of individual transcription factors has been de-
scribed {Schnapp and Grummt 1991). Briefly, a mixture of nu-
clear and cytoplasmic extracts was chromatographed on DEAE-
Sepharose CL-6B followed by fractionation on heparin-Ultrogel
A4-R. Bound proteins were step-eluted with 200, 400, 600, and
1000 mm KCl in buffer AM [20 mM Tris-HCI (pH 7.9}, 0.1 mm
EDTA, 20% glycerol, 5 mm MgCl,]. The 200 mm fraction (H-
200) contained TIF-IA and TIF-IC, the H400 fraction contained
Pol I, the H-600 fraction contained TIF-IB, and the H-1000 frac-
tion contained upstream binding factor (UBF). Further purifica-
tion of Pol I involved fractionation on a Mono S column fol-
lowed by chromatography on Mono Q. TIF-IA and TIF-IC were
fractionated on Q-Sepharose and by chromatography on Mono
Q. TIF-IB was purified on CM-Sepharose and Mono S (Eberhard
et al. 1993). UBF was purified from H-1000 fractions by chro-
matography on Mono S, Mono Q, and Bio-Rex 70. Although
each of the factors was only purified partially, they were not
cross-contaminated with any of the other factors required for
specific transcription in vitro. Ku was purified as previously
{Kuhn et al. 1993}, and DNA-PK was isolated from crude wheat
germ agglutinin-depleted HeLa nuclear extract (Jackson and
Tjian 1989) by the method of Lees-Miller et al. (1990). Spl phos-
phorylation assays were performed as described previously
(JTackson et al. 1990; Gottlieb and Jackson 1993).

In vitro transcription assays

The template pMrWT was linearized with Ndel to generate
transcripts of 371 nucleotides. The terminator-containing tem-
plate pMrC552-650 was used either in the circular form yielding
348-nucleotide terminated transcripts or was linearized to ob-
tain defined readthrough transcripts of 426 nucleotides. The
tailed template pCAT554-650 was digested with Smal to gen-
erate runoff transcripts of 290 nucleotides. Transcription reac-
tions were performed in 25-ul assays containing 10-30 ng of
template DNA and 15 pl of a mixture of Pol I and transcription
factors. Reactions contained 12 mm Tris-HCl {pH 7.9), 85 mm
KCl, 5 mm MgCl,, 10 mM creatine phosphate, 10% glycerol,
0.12 mM EDTA, 0.5 mwm dithioerythritol, 0.5 mm each of ATP,
CTP and GTP, 12.5 um UTP, and 1-2 pCi of [a-32PJUTP. Where
indicated, ATP and GTP were replaced by AMP-PNP or GMP-
PNP. Reactions were incubated at 30°C for 1 hr and were then
processed for gel analysis.

Abortive initiation assay

Pol I and transcription factors were preincubated with the DNA
in the presence of 0.5 mMm each of ATP and CTP to form initi-
ated complexes. After 30 min, DNA-PK was added and incuba-
tion was continued for another 15 min. Then, 5 pCi of
[«-3*PJUTP was added and abortive initiation was allowed to
proceed for 15 min at 30°C. Transcription reactions were
stopped by addition of SDS to 0.2% and ACU trimer transcripts
were extracted with phenol/CHCI;. To obtain a better resolu-
tion between the labeled mononucleotides and the trimers, re-
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action products were treated with 1.5 units of alkaline phos-
phatase for 15 min followed by purification with phenol/CHCl,
and were analyzed on a 25% acrylamide sequencing gel.

Electrophoretic mobility shift assay

Mobility-shift assays were performed essentially as described
previously (Kuhn et al. 1993). Reactions (25 pl) contained 40 mm
HEPES (pH 8.4), 10 mm Tris-HCl (pH 7.9), 4.5 mm MgCl,, 80 mm
KCl, 0.1 mm EDTA, 10% glycerol, 2 mm dithioerythritol, 2.5 pg
of BSA, and 0.1 pmoles of a double-strand oligonucleotide (upper
strand sequence 5'-GATCTTTTCTATCTGTTCCTATTGGA-
CCTGGAGATAGGTACTG-3') containing a region of riboso-
mal gene promoter extending from nucleotides ~39 to +4. Pro-
tein-DNA complexes were separated by electrophoresis on a
native polyacrylamide gel containing 5% glycerol and running
buffer [25 mm Tris-HCL {pH 7.9}, 190 mam glycine, 1 mm EDTA,
4 mm MgCl,]. The anti-Ku antiserum and control serum are as
described previously (Kuhn et al. 1993).
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