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Involvement of the TIP60 Histone Acetylase
Complex in DNA Repair and Apoptosis

have been believed to play a role in transcriptional acti-
vation in chromatin contexts (reviewed in Kuo and Allis,
1998; Struhl, 1998; Workman and Kingston, 1998; Schiltz

Tsuyoshi Ikura,1,2,8 Vasily V. Ogryzko,2,8

Mikhail Grigoriev,3,8,9 Regina Groisman,1,8

Jin Wang,4 Masami Horikoshi,5,6

and Nakatani, 2000). Consistent with this model, intrinsicRalph Scully,1 Jun Qin,4

histone acetylase activity has been found in various co-and Yoshihiro Nakatani1,2,7

activators that function by interacting with a wide variety1 Dana-Farber Cancer Institute and
of DNA binding transcriptional activators. CoactivatorsHarvard Medical School
with histone acetylase activity include yeast GCN5Boston, Massachusetts 02115
(Brownell et al., 1996), PCAF (Yang et al., 1996), p300/2 National Institute of Child Health and CBP (Bannister and Kouzarides, 1996; Ogryzko et al.,

Human Development and 1996), ACTR/Src1 (Chen et al., 1997; Spencer et al.,
3 National Institute of Diabetes and 1997), TIP60 (Yamamoto and Horikoshi, 1997), and

Digestive and Kidney Diseases TAFII250 (Mizzen et al., 1996). Although exact mecha-
National Institutes of Health nisms of how acetylation of histones contribute to tran-
Bethesda, Maryland 20892 scriptional activation have not been clarified, it has been
4 Department of Biochemistry and thought that acetylation of nucleosomal histones leads
Department of Cell Biology to relaxation of chromatin structure so that various tran-

scription factors can gain access to and function onBaylor College of Medicine
chromatin DNA (for reviews, see Kuo and Allis, 1998;Houston, Texas 77030
Struhl, 1998; Workman and Kingston, 1998; Schiltz and5 Institute of Molecular and Cellular Biosciences
Nakatani, 2000). While many histone acetylases haveThe University of Tokyo
been identified, the fact that most (as recombinant pro-Tokyo 113-0032
teins) cannot efficiently acetylate histones in chromatinJapan
contexts in vitro (e.g., see Grant et al., 1998; Ogryzko6 Horikoshi Gene Selector Project
et al., 1998) is problematic. For this reason, it wasExploratory Research for Advanced
thought that additional factors might be required for

Technology (ERATO) acetylation of relevant substrates.
Japan Science and Technology Corporation (JST) In support of this notion, a purified PCAF complex
Tsukuba 300-2635 consisting of at least 20 distinct subunits was shown to
Japan acetylate histones in nucleosomal contexts, indicating

that subunits in the PCAF complex could stimulate acet-
ylation of relevant substrates (Ogryzko et al., 1998).
Moreover, characterization of subunits of the PCAF

Summary complex has revealed a subset of the TBP-associated
factors (TAFs), originally found in TFIID; TAF-related
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Figure 1. Purification of the TIP60 Complex

(A) The TIP60 complex was purified from a nuclear extract prepared from FLAG-HA epitope-tagged TIP60 (eTIP60)-expressing HeLa cells
(lanes 1 and 3). As a control, we performed mock purification from a nuclear extract prepared from nontransduced HeLa cells (lanes 2 and
4). The TIP60 complex was immunoprecipitated on anti-FLAG antibody-conjugated agarose from nuclear extracts, and the bound materials
were eluted with FLAG peptide (lanes 1 and 2). The eluates were further purified on anti-HA antibody-conjugated agarose in a similar way
(lanes 3 and 4). Proteins were resolved by SDS–PAGE and stained with Coomassie brilliant blue. The major polypeptides specific to the
fraction purified from the eTIP60-expressing cells are indicated. The asterisk denotes eTIP60 degradation products.
(B) The TIP60 complex purified by FLAG antibody, corresponding to lane 2 in (A), was further purified on a 10%–30% glycerol gradient by
centrifugation. After fractionation, each fraction was resolved by SDS–PAGE and visualized by silver staining (top) and Western staining with
anti-FLAG antibody (bottom). Input (IP) was also analyzed by silver staining. The polypeptides that comigrate with eTIP60 are indicated. Note
that the 50 and 60 kDa polypeptides appearing in lanes 5 and 6 are clearly distinct from p50 and eTIP60 in the original silver-stained gel, as
judged by their mobility and the color of the bands.

cells with defective double-strand break repair and that 2) was separated on a 10%–30% glycerol gradient by
ultracentrifugation (Figure 1B). A Western blot analysistransformed cells loose their apoptotic competence.

These results provide a glimpse into a fascinating web with FLAG antibody revealed at least two forms of
eTIP60: a slowly sedimenting form (bottom panel, frac-of interactions that link the TIP60 histone acetylase com-

plex to the area of DNA repair and apoptosis. tions 1 and 2) and a faster sedimenting form (fractions
7 and 8). Since a slowly sedimenting form was not de-
tected when a nuclear extract was fractionated (dataResults
not shown), this could represent the free form or a partial
complex of TIP60 that was produced during purification.Purification of the TIP60 Complex
A silver-stained SDS–PAGE gel of these fractions (topTIP60 was purified from HeLa cells stably expressing
panel), together with Western blots with various antibod-FLAG-HA epitope-tagged TIP60 (eTIP60). Western blot
ies against associated proteins (Figures 3B and 4A, andanalyses of nuclear extracts fractionated by glycerol
unpublished data), showed that the faster sedimentinggradient centrifugation showed that eTIP60-expressing
form of eTIP60 comigrates with all associated proteinscells contained about twice the amount of TIP60 as
identified in the doubly affinity-purified material (Figurenontransduced cells but that all of the TIP60 is present in
1A). These data suggest that all these polypeptideshigh molecular weight fractions corresponding to sizes
might belong to the large complex.larger than the 670 kDa molecular weight marker (data

not shown). eTIP60 was purified from nuclear extracts
by affinity chromatography on anti-FLAG antibody-con- The TIP60 Complex Can Acetylate Nucleosomes

We tested the histone acetylase activity of the TIP60jugated agarose, and the bound polypeptides were
eluted with the FLAG peptide under native conditions complex with either free core histones or polynucleo-

somes (Figure 2) as substrates. Consistent with an ear-(Figure 1A, lane 2). As a control, we performed a mock
purification from a nuclear extract prepared from non- lier report (Yamamoto and Horikoshi, 1997), recombi-

nant TIP60 protein acetylated histones H2A, H3, and H4transduced HeLa cells (lane 1). The FLAG affinity-puri-
fied materials were further purified by immunoaffinity when free histones were used as substrates (lane 1).

However, it did not acetylate nucleosomal histones ei-chromatography with anti-HA antibody (lanes 3 and 4).
After the second affinity purification, at least 12 proteins ther in the presence or absence of linker histones (lanes

2 and 3). In contrast to recombinant TIP60 protein, thethat specifically associate with TIP60 were identified.
The FLAG affinity-purified complex (Figure 1A, lane TIP60 complex efficiently acetylated nucleosomes even
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Figure 3. The TIP60 and PCAF Complexes Share a Common
Subunit

(A) PAF400 is present in both TIP60 and PCAF complexes. The mock
control (lane 1), the TIP60 complex (lane 2), and the PCAF complexFigure 2. The TIP60 Complex Has Histone Acetylase Activity that
(lane 3) were stained with anti-PAF400 antibody.Acts on Nucleosomes
(B) PAF400 and TIP60 cosediment in glycerol gradient centrifuga-The histone acetylase activity was measured using either free core
tion. The TIP60 complex purified on a 10%–30% glycerol gradient,histones (lanes 1 and 4), linker histone-containing polynucleosomes
which corresponds to the samples shown in Figure 1B, was stained(lanes 2 and 5), or linker histone-stripped polynucleosomes (lanes
with anti-PAF400 antibody after SDS–PAGE.3 and 6) as substrates. Acetylase assays were performed with equi-

molar amounts of recombinant TIP60 protein (lanes 1–3) and the
TIP60 complex (lanes 4–6). After separation by SDS–PAGE, the gel RuvB-Like Proteins, b-Actin, and the Actin-Related
was stained with Coomassie brilliant blue (bottom); acetylated his- Protein in the TIP60 Complex
tones were then detected by autoradiography (top). MS/MS spectrometric analysis of the 54 kDa band iden-

tified two distinct but related polypeptides, referred to
as TIP60-associated protein (TAP) 54a and b. Mass

when linker histones were present (lanes 5 and 6), sug- spectrometric analysis revealed that the former protein
gesting that this complex can act on native substrates. is identical to the TATA binding protein (TBP)-interacting
Note that although histone H3 was acetylated when free protein TIP49a (Makino et al., 1999) or RUVBL1 (Qiu et
histones were used as substrates (lane 4), it was hardly al., 1998), while the later is identical to TIP49b (Kanemaki
acetylated in the nucleosomal context (lanes 5 and 6). et al., 1999) or RUVBL2 (GenBank accession number
In no case was acetylation observed without the addition AF155138). Western blot analysis demonstrated that
of enzymes (data not shown). Given that associated both TAP54a and b cosediment with TIP60 (Figures 1B
factors stimulate acetylation only in a nucleosomal con- and 4A) in glycerol gradient separation. Moreover, anti-
text, not in free histones, they may stimulate accessibil- TAP54 antibody coprecipitated TIP60 from the TIP60 com-
ity of the catalytic subunit to histone tails in nucleo- plex (data not shown). Thus, we conclude that TAP54a
somes. and b are bona fide subunits of the TIP60 complex.

Both TAP54a and b possess sequence similarity to
the bacterial hexameric ring helicase RuvB (data not
shown) that plays a role in damaged DNA repair (West,The 400 kDa Subunit Is Common to the TIP60

and PCAF Complexes 1997). Conserved among all helicase family members
are motifs I and II, which are believed to be involved inWe employed mass spectrometry to identify subunits

in the TIP60 complex. An MS/MS spectrometric analysis NTP binding and hydrolysis, respectively (West, 1997).
Both these motifs are well conserved in TAP54a, b, andindicated the 400 kDa band as PAF400 (Vassilev et al.,

1998), which is identical to the largest subunit of the RuvB (data not shown).
Moreover, MS/MS spectrometric analysis indicatedPCAF complex as well as to the c-Myc and E2F binding

protein TRRAP (McMahon et al., 1998). The mass se- the 45 and 50 kDa bands as two additional ATP binding
proteins, b-actin and the actin-related protein BAF53quencing data were confirmed by Western blot (Figure

3A) showing that anti-PAF400 antibody reacts with a (53 kDa BRG1/human BRM-associated factor), respec-
tively. b-actin and actin-related proteins have been400 kDa polypeptide in both of the TIP60 (lane 2) and

PCAF (lane 3) complexes but not with the mock control found in the various ATP-dependent chromatin remodel-
ing complexes (Cairns et al., 1998; Peterson et al., 1998;(lane 1). Moreover, Western blot analysis of the TIP60

complex fractionated by glycerol gradient revealed that Zhao et al., 1998; Shen et al., 2000). As reported here
for the TIP60 complex, both b-actin and BAF53 havePAF400 cofractionated with TIP60 (Figures 1B and 3B).

Our results showing that PAF400 is common to both the been identified in the BAF chromatin-remodeling com-
plex (Zhao et al., 1998). Likewise, the actin-relatedTIP60 and PCAF complexes suggest that PAF400 plays

a similar role in these histone acetylase complexes. proteins Arp7 and Arp9 are present in the yeast SWI/
SNF chromatin-remodeling complex (Peterson et al.,Given that associated factors are crucial for effective

acetylation of nucleosomes in both complexes (Ogryzko 1998) and RSC (Cairns et al., 1998). Furthermore, Arp4,
Arp5, and Arp8 are found in the yeast Ino80p chromatin-et al., 1998) (Figure 2), the common subunit PAF400 may

play a role in acetylation of nucleosomal histones. remodeling complex (Shen et al., 2000).
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b-actin and actin-related proteins appear to have
weak ATPase activities, which contribute z1% of the
total activity in the BAF remodeling complex (Zhao et al.,
1998). Results of experiments using the actin monomer
sequestering product latrunculin B suggest that b-actin
and BAF53 are required for stimulation of the ATPase
activity of the BAF complex by chromatin (Zhao et al.,
1998). On the other hand, genetic analyses in yeast sug-
gest that although deletions of Arp7 or Arp9 show a
Swi2/Snf2 phenotype, mutations that result in impair-
ment of ATPase activity cause no detectable defects
(Cairns et al., 1998). Thus, actin-related proteins in re-
modeling complexes may play a structural rather than
catalytic role.

The TIP60 Complex ATPase Activity Intrinsic
to RuvB-like TAP54a and b
Since the TIP60 complex contains the RuvB-like sub-
units, b-actin, and the actin-related protein, we mea-
sured ATPase activity in the TIP60 complex. As ex-
pected, the TIP60 complex has ATPase activity, while
the mock control preparation has no detectable activity
(Figure 4B). We assumed that this ATPase activity in the
TIP60 complex is derived mainly from TAP54a and b
because b-actin and actin-related proteins themselves
appear to have very weak ATPase activity (Zhao et al.,
1998). However, in spite of sequence similarities be-
tween RuvB and TAP54a and b, it remains uncertain
whether these factors have intrinsic ATPase activity.
While Qui et al. (1998) reported that recombinant human
RUVB1 (or TAP54a), expressed in insect cells via a bacu-
lovirus transfer vector, has no detectable ATPase activ-
ity, Makino et al. (1999) demonstrated ATPase activity
in recombinant rat Tip49a (or TAP54a) produced in E.
coli.

To clarify this question, TAP54a and b were expressed
as His-tagged proteins in E. coli. Recombinant proteins
were purified by Ni21-NTA agarose chromatography,
Mono Q chromatography, followed by Superdex 200
chromatography. TAP54a eluted from a Superdex 200
column at the position of monomer (Figure 4C) and asso-
ciated ATPase activity was hardly detectable (Figure
4D), in agreement with a report by Qui et al. (1998).
Although our data is inconsistent with the results ob-
tained by Makino et al. (1999), this discrepancy may be
simply due to different sensitivities in the assay systems
employed. On the other hand, TAP54b eluted at the
position of a dimer or trimer (Figure 4C) and a weak
ATPase activity was detected at this position (Figure
4D), in agreement with the data of Kanemaki et al. (1999).
However, the ATPase activity in purified TAP54b was
considerably lower than that of the purified TIP60 com-
plex when an equal amount of TAP54 was used for the
assay (Figure 4D).Figure 4. RuvB-Like TAP54a and b Have ATPase Activity

(A) TAP54a and b cosediment with TIP60 in glycerol gradient centrif-
(C) Gel filtration of recombinant TAP54a and b. Recombinantugation. The TIP60 complex separated on a 10%–30% glycerol gra-

dient, which corresponds to the samples shown in Figure 1B, was TAP54a and b and reconstituted recombinant TAP54a/b were ana-
lyzed by Superdex 200 gel filtration chromatography. Peak positionssubjected to SDS–PAGE and stained with anti-TAP54a (top) and b

(bottom) antibodies. of molecular weight markers (Pharmacia) are indicated.
(D) ATPase activity in recombinant TAP54a and b. ATPase activity(B) ATPase activity in the TIP60 complex. The ATPase activities of

the TIP60 complex (lanes 2–5) and the mock control (lanes 6–9) in recombinant TAP54a (open squares) and b (open circles), recon-
stituted recombinant TAP54a/b (closed squares), and the TIP60were assayed. The reactions were stopped at the indicated times.

Free phosphate produced by hydrolysis of ATP was separated from complex (closed circles) are indicated. Activity is expressed as
moles of ATP hydrolyzed per mole of TAP54a/b monomers.ATP by thin-layer chromatography. Free phosphate (fast migrating

spot) and ATP (slowly migrating spot) were visualized by autoradiog- (E) Gel filtration fractions of reconstituted recombinant TAP54a/b,
corresponding to the fractions shown in (C), were resolved by SDS–raphy. Note that a trace amount of free phosphate contaminated

ATP (lane 1). PAGE and stained with Coomassie brilliant blue.
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Given that both recombinant TAP54a and b were pres- the Holliday junction binding protein RuvA under physio-
logical conditions (for review, see West, 1997). Neverthe-ent as a low molecular weight form (Figure 4C), we inves-

tigated the possibility that TAP54a and b may form a less, further experiments are required to determine fac-
tor(s) responsible for binding to Holliday junction in theheteromeric complex. To reconstitute the TAP54a/b

complex, equimolar recombinant TAP54a and b were TIP60 complex.
Next, we tested the ATP requirement for DNA helicaseincubated in vitro and were analyzed on a Superdex 200

gel filtration column. The peak fractions eluting around activity of the TIP60 complex. Unexpectedly, significant
DNA helicase activity was observed even in the absencean apparent molecular mass of 500 kDa were rechro-

matographed on the same column (Figure 4C). TAP54a of ATP (Figure 5E, lane 2). A slight stimulation was ob-
served by adding ATP to the assay system (lanes 3–6).and b coeluted from the gel filtration column at a stoi-

chiometric ratio (Figure 4E). Importantly, the ATPase On the other hand, when the TIP60 complex was prein-
cubated with the nonhydrolyzable ATP analog ATPaSactivity of the reconstituted complex was significantly

stronger than that of the individual subunits, although prior to the helicase assay, the activity was inhibited
(Figure 5F, lanes 8–10). However, when ATPaS wasit was somewhat weaker than that of the TIP60 complex

(Figure 4D). From these results, we conclude that added in the beginning of the helicase assay, no obvious
inhibition was detected (lanes 5–7). These results sug-TAP54a and b form a stoichiometric complex and that

this multimerization is crucial for efficient ATP hydro- gest that the TIP60 complex may have endogenous ATP
in the complex and utilize it when bound to substrates.lysis.

The TIP60 Complex Binds to Structural DNAs Expression of the Mutated TIP60 Lacking Histone
Acetylase Activity Results in Cells with DefectiveGiven that RuvB binds to Holliday junction by forming

a complex with the Holliday junction binding protein Double-Strand Break Repair
The presence of functional RuvB counterparts in theRuvA, we expected such an activity in the Tip60 com-

plex. The 100 bp duplex DNA as well as structural DNAs TIP60 complex suggests a role of the TIP60 histone
acetylase complex in DNA damage repair. To investigatecontaining replication fork-like three-way junction and

recombination intermediate four-way or Holliday junc- this possibility, we expressed the mutated TIP60 lacking
histone acetylase activity in HeLa cells and observedtion were employed as substrates (Figure 5A). Filter

binding assays show that the TIP60 complex binds to its dominant-negative effects. To inactivate the histone
acetylase activity of TIP60, we introduced a mutationboth three- and four-way junctions with high affinities

but does not bind to duplex DNA (Figure 5B). On the into the acetyl CoA binding site. This motif is also con-
served among members of GCN5/PCAF-related N-ace-other hand, none of the probes bind to the mock control

(data not shown). In contrast to the TIP60 complex, the tyltransferases (Neuwald and Landsman, 1997) and has
been shown to be involved in acetyl CoA binding inTAP54a/b complex exhibited no binding to either duplex

DNA or structural DNAs in either filter binding assays three-dimensional structural studies (Dutnall et al., 1998;
Wolf et al., 1998; Clements et al., 1999; Lin et al., 1999;(Figure 5B). From these results, we concluded that the

TIP60 complex binds to structural DNA but that the Rojas et al., 1999). To abolish acetyl CoA binding activity
of TIP60, two residues (Gln-377 and Gly-380) that areRuvB-like TAP54a and b are not sufficient for such

binding. crucial for acetyl CoA binding were mutated to glutamic
acid (Wolf et al., 1998). The resulting double-point mu-
tant of TIP60, which has no detectable histone acetylase
activity in vitro (Figure 6A), was stably expressed in HeLaThe TIP60 Complex Has DNA Helicase Activity
cells by retroviral transduction. Quantitative WesternGiven that RuvB is a DNA helicase, we tested such
blotting analyses of the mutated TIP60-expressing cellsactivity in the TIP60 complex. To test DNA helicase activ-
revealed that the total level of TIP60 is about twice thatity and its directionality (defined as a 59 to 39 or 39 to 59
of nontransduced HeLa cells and that at least 80% ofpolarity relative to the strand of DNA first bound by the
TIP60 derived from the mutant form.enzyme), the 52-mer oligonucleotide was annealed with

To determine whether TIP60 histone acetylase activityφX174 virion single-stranded DNA, digested asymmetri-
makes a contribution to double-strand break repair,cally with endonuclease HpaII, and then labeled at the
double-strand repair kinetics in the mutated TIP60-39 ends as illustrated in Figure 5C. The 24-mer fragment
expressing cells were compared with those of the wild-was specifically released from this template by incubat-
type TIP60-expressing cells as well as with those ofing with the TIP60 complex (Figure 5D, lane 3) but not
parental nontransduced cells. Fractions of fragmentedby incubating with the mock control (lane 2), indicating
DNA caused by double-strand breaks were analyzed bythat the TIP60 complex possesses intrinsic 39 to 59 DNA
pulsed-field gel electrophoresis at various time pointshelicase activity. On the other hand, recombinant

TAP54a, TAP54b, and TAP54a/b complex failed to show after g-irradiation. As shown in Figures 6B and 6C, the
mutated TIP60-expressing cells failed to repair double-detectable helicase activity (Figure 5D, lanes 4–9). Thus,

we conclude that the RuvB-like TAP54a and b are not strand DNA breaks efficiently. The most striking defect
was observed during the first 30 min: while almost 40%sufficient for DNA helicase activity under our assay con-

ditions. Our results are not in agreement with previous of double-strand break repair was completed in parental
HeLa cells, only 5% was completed in the TIP60 mutant-reports (Kanemaki et al., 1999; Makino et al., 1999) show-

ing 39 to 59 and 59 to 39 DNA helicase activities respec- expressing cells. Interestingly, more efficient double-
strand break repair was observed in the wild-type TIP60-tively in Tip49a (or TAP54a) and Tip49b (or TAP54b).

Although the reasons for this discrepancy are not clear, expressing cells compared with nontransduced cells.
This might be related to the elevated level of the TIP60our results are consistent with observations showing

that the DNA helicase activity of RuvB is dependent on complex in the ectopic TIP60-expressing cells (see



Figure 5. TIP60 Complex Has Structural DNA Binding and DNA Helicase Activities

(A) DNA substrates for the binding assays. 32P-labeled S1 and unlabeled S2 substrates, each having heterologous single-strand tails denoted
in light gray and dark gray, were annealed to form a Holliday junction. In the case of a fully homologous substrate, S2, spontaneous branch
migration results in the formation of two duplex products (top). To create a semimobile Holliday junction, the S1 substrate was annealed with
the second S2(D1) branch migration substrate containing a single internal base deletion, which acts as a barrier against spontaneous branch
migration and prevents dissociation of the Holliday junction into two duplex products (bottom). Three-way junctions were prepared by annealing
the S1 substrate with short S2(s) substrate (middle). An asterisk denotes the 32P label.
(B) Filter binding assay. Filter binding assays were performed with the TIP60 complex (open symbols) and the recombinant TAP54a/b complex
(closed symbols). Both complexes contain about 10 ng of TAP54a/b proteins/ml. Various volumes of the complexes were incubated with
duplex (triangles), three-way junction (squares), and four-way junction (circles). After passing through a nitrocellulose membrane, radioactivity
retained on the membrane, which reflects protein-bound DNA, was measured.
(C) The substrate for DNA helicase assays. An asterisk denotes the 32P label. Note that the directionality of DNA helicase activity is defined
as a 59 to 39 or 39 to 59 polarity relative to the strand of DNA first bound by the enzyme. Thus, release of the 32-mer denotes 59 to 39 DNA
helicase activity, whereas release of the 24-mer denotes 39 to 59 DNA helicase activity.
(D) DNA helicase activity was measured with the mock control (lane 2), the TIP60 complex (lane 3), recombinant TAP54a (lanes 4 and 5),
recombinant TAP54b (lanes 6 and 7), and the reconstituted TAP54a/b complex (lanes 8 and 9). Enzyme concentrations are indicated as the
molarity of TAP54a/b monomers. Boiled probe was also analyzed to identify the positions of oligonucleotides (lane 1).
(E) ATP dependency of DNA helicase activity. DNA helicase assay was performed with the mock control (lane 1) and the TIP60 complex (lanes
2–6) in the absence of ATP (lanes 1 and 2) and in the presence of increasing concentrations of ATP (lanes 3–6).
(F) Inhibition of DNA helicase activity with nonhydrolyzable ATP. DNA helicase assay was performed in the absence (lanes 1–4) and presence
of ATP, ATPaS (lanes 5–10). Reactions were performed with (lanes 8–10) and without (lanes 5–7) preincubation of ATPaS with the TIP60
complex.
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above). These results suggest that TIP60 histone acet-
ylase activity may play a role in double-strand break
repair.

Induction of the Mutated TIP60 Lacking
Histone Acetylase Activity Inhibits
g-Irradiation-Induced Apoptosis
In general, DNA repair–competent cells have mecha-
nisms to signal the existence of DNA lesions to the
apoptotic machinery (D’Atri et al., 1998), allowing badly
damaged cells to be deleted. We attempted to deter-
mine whether the mutated TIP60-expressing cells retain
such signaling. After 12 hr of g-irradiation, apoptosis
was strongly induced in parental and the wild-type
TIP60-expressing cells (Figure 7). In contrast, the TIP60
mutant-expressing cells were resistant to apoptosis, in-
dicating that TIP60-dependent double-strand break re-
pair is likely to be involved in signaling the existence of
damaged DNA to the apoptotic machinery. Moreover,
if Holliday junctions turn out to be the preferred target
DNA structure of the TIP60 complex in vivo, this would
indicate that the cell monitors not only the existence of
recombinogenic lesions (such as double-stranded DNA
breaks) but also the later intermediates of recombination
(i.e., the Holliday junction).

These results were obtained in HeLa cells, which are
functionally deficient in p53, due to expression of the
Papilomaviral E6 protein. Therefore, at a minimum,
TIP60 activity can modify radiation-induced apoptotic
responses independent of p53 activity. These results do
not exclude a potential additional role for TIP60 in p53-
dependent apoptotic responses.

Discussion

Although TIP60 is a previously identified histone acet-
ylase, the TIP60 monomer is unable to acetylate chroma-
tin (Yamamoto and Horikoshi, 1997). However, the
multimeric TIP60 complex does display such activity,
indicating that this complex can act on native sub-
strates. In addition to histone acetylase activity on chro-
matin, the TIP60 complex has ATPase, DNA helicase,

Figure 6. Introduction of the Mutated TIP60 Lacking Histone Acet-and structural DNA binding activities. It is noteworthy
ylase Activity Alters the Kinetics of Double-Strand DNA Break Repairthat ATPase and DNA helicase activities are not present
(A) The histone acetylase activities of BSA (lane 1), wild-type TIP60in the PCAF complex. Conversely, histone-like factors
(lane 2), and the mutated TIP60 (lane 3) were measured using freeand transcriptional cofactors such as human ADA2,
core histones as substrate. SDS–PAGE gel stained by Coomassie

ADA3, and Spt3 are unique to the PCAF complex brilliant blue (bottom) and its autoradiography (top) are represented.
(Ogryzko et al., 1998). The diversity of associated pro- (B) Nontransduced (2), wild-type TIP60-expressing (w), and TIP60
teins in distinct histone acetylase complexes may corre- histone acetylase mutant-expressing (m) cells were exposed to 12
late with a variety of roles of histone acetylases. On the Gy (lanes 4–21). At the indicated times, cellular DNA was analyzed

by pulsed-field gel electrophoresis. Unexposed cells were used asother hand, the common subunit of the TIP60 and PCAF
controls (lanes 1–3).complexes is PAF400. Since associated factors are re-
(C) Fluorescence was quantitated and the fraction of DNA enteringquired for effective acetylation of nucleosomes in both
the gel was estimated using the formula: percent release 5 (signalTIP60 and PCAF, the common factor PAF400 may mod-
in lane)/[(signal in lane) 1 (signal in plug)] 3 100, as described (Scullyulate acetylation of nucleosomal histones by stimulating
et al., 1999). The measured value of signal present in unirradiated

accessibility to histone tails or by stimulating catalytic cells was subtracted. The data presented were normalized to the
activity. percent released at zero time.

Recent studies have described the purification and
characterization of the yeast NuA4 complex, which con-
tains a histone acetylase, ESA1, that is related to TIP60. this observation, the NuA4 complex has no detectable

ATPase activity (J. Côté, personal communication). ThisAs reported here for the TIP60 complex, the NuA4 com-
plex contains TRA1, Act1, and Act3/Arp4, which are difference between the human and yeast complexes

may reflect dissociation of the RuvB-related subunitsrelated, respectively, to PAF400, b-actin, and BAF53
(Allard et al., 1999; Galarneau et al., 2000). However, from the yeast NuA4 complex during purification. Alter-

natively, there might be no link between the RuvB-RuvB-related subunits cannot be detected in the puri-
fied NuA4 complex by Western blotting; consistent with related subunits and the histone acetylase in yeast.
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Figure 7. Ectopic Expression of the Mutated
TIP60 Lacking Histone Acetylase Activity In-
hibits g-Irradiation-Induced Apoptosis

(A) Nontransduced (none), wild-type TIP60-
expressing (TIP60 wt), and TIP60 histone acet-
ylase mutant-expressing (TIP60 mut) cells
were exposed to 12 Gy. Cells were stained
with anexin V and propidium iodide (PI) after
12 hr and analyzed by flow cytometry. For
unexposed controls, only the data for non-
transduced cells is shown.
(B) Percentages of apoptotic cells (negative
for PI and positive for annexin V) are indi-
cated.

Histone acetylases have been reported to be involved duced by temozoloamide, which induces O6-methyl-
guanine in DNA. Thus, the loss of a cell’s ability to signalin chromatin transcription and replication-dependent
the existence of DNA lesions to the apoptotic machinerynucleosomal assembly (reviewed in Kuo and Allis, 1998;
caused by DNA repair deficiency might be a generalStruhl, 1998; Workman and Kingston, 1998; Schiltz and
mechanism of tumorigenesis.Nakatani, 2000). However, acetylation of histones could

A direct link between DNA lesion recognition proteinsbe involved in other kinds of DNA metabolism, including
and cell cycle checkpoint proteins has been demon-DNA repair, replication, and recombination, given that
strated. Nbs1, encoded by the Nijmegen breakage syn-substrates of DNA metabolism in eukaryotes are chro-
drome (NBS) gene, plays a role in suppression of origin-matin DNA, rather than naked DNA. In support of this
of-replication firing in the presence of DNA damagenotion, we have demonstrated that the TIP60 histone
(reviewed in Karran, 2000; Petrini, 2000). Although theacetylase complex has ATPase, DNA helicase, and
mechanism whereby Nbs1 affects the S phase check-structural DNA binding activities. Importantly, ectopic
point is still unclear, ionizing radiation-dependent phos-expression of the mutated TIP60 lacking histone acet-
phorylation of Nbs1 by the ATM kinase is crucial for S

ylase activity causes defects not only in DNA repair phase checkpoint (Lim et al., 2000; Wu et al., 2000).
competency but also in the ability of the cell to signal the Importantly, NBS has been shown to form a complex
presence of damaged DNA to the apoptotic apparatus, with Rad50 and Mle11, which are involved in double-
impairments that lead to accumulation of damaged DNA strand break repair (for reviews, see Carney et al., 1998;
in cells. The defined mechanisms by which the TIP60 Karran, 2000; Petrini, 2000). Given that Mre11 binds dou-
complex influences the apoptotic response are unclear ble-strand DNA breaks very rapidly after ionizing radia-
at this moment. A similar phenomenon has been re- tion, Mre11/Rad50 might be a detector of damaged DNA
ported in mismatch repair mutant cells (D’Atri et al., (Nelms et al., 1998). Likewise, the TIP60 complex may
1998). Unlike DNA repair–competent cells, mismatch re- interact with checkpoint proteins to activate an apo-

ptotic pathway in response to the existence of DNApair-deficient cells are highly resistant to apoptosis in-
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NAR-C9. TAP54b: N9-GTEVQVDDIK-C9; N9-GLGLDDALEPR-C9;lesions. Alternatively, the TIP60 complex by itself may
N9-KGTEVQVDDIK-C9; N9-LLLIVSTTPYSEK-C9; N9-DKVQA-GDVITpossess a checkpoint protein(s).
IDK-C9. TAP50: N9-DDGSTLMEIDGDKGK-C9; N9-ENMEAISPLK-C9;
N9-QGGPTYYIDTNALR-C9; and N9-IPEGLFDPSNVK-C9. TAP45:Experimental Procedures
N9-SYELPDGQVITIGNER-C9; N9-AVFPSIVGRPR-C9; N9-VAPEEHP
VLLTEAPLNPK-C9.Wild-Type and Mutant TIP60-Expressing Cells

To obtain a histone acetylase-deficient mutant of TIP60, Gln-377
ATPase Assayand Gly-380 of TIP60 were mutated to glutamic acid by in vitro
The reaction mixture contained 10 mM HEPES-NaOH buffer (pHmutagenesis. HeLa cells were transduced with a recombinant retro-
7.5), 0.1 mM [g-32P]ATP (z100 Ci/mole), 50 mg/ml of bovine serumvirus expressing a bicistronic mRNA encoding wild type or the mu-
albumin (BSA), and 5 mM MgCl2. Reactions were reconstituted in atant form of FLAG-HA-tagged TIP60 linked to an aILR2 subunit
total volume of 5 ml and carried out at 378C. One microliter aliquotssurface marker, and the transduced subpopulation was purified by
were spotted onto PEI-Cellulose TLC plates (J.T. Baker), which hadrepeated cycles of affinity cell sorting.
been prerun in distilled water and dried, and developed with 0.5 M
LiCl and 1 M formic acid.Protein Purification

The TIP60 complex was immunoprecipitated from nuclear extracts
prepared from HeLa cells expressing eTIP60 by incubating with M2 DNA Binding Assay
anti-FLAG agarose (Kodak) for 4 hr with rotation. After an extensive All structural DNA substrates as well as duplex DNA were prepared
wash with 0.1 M KCl-containing buffer B (20 mM Tris-HCl [pH 8.0], as previously described (Panyutin and Hsieh, 1994). The binding
5 mM MgCl2, 10% glycerol, 1 mM PMSF, 0.1% Tween 20, 10 mM reactions were performed at 378C for 20 min in a reaction buffer
b-mercaptoethanol), the bound proteins were eluted from M2 aga- containing 50 mM Tris-acetate (pH 8.0), 20 mM potassium acetate,
rose by incubation for 60 min with the FLAG peptide (Kodak) in 15 mM magnesium acetate, 1 mM dithiothreitol, and 100 mg/ml of
the same buffer (0.2 mg/ml). The eluates were further purified by BSA. DNA bound to protein was detected by filter binding assays
immunoprecipitation with protein A sepharose (Pharmacia) conju- (Wong and Lohman, 1993).
gated with anti-HA 12CA5 antibody. The bound proteins were eluted
from the matrix by incubating for 60 min with the HA peptide in

DNA Helicase Assay
buffer B containing 0.1 M KCl (0.2 mg/ml). For glycerol gradient

The 52-mer oligonucleotide (59-CGAACAATTCAGCGGCTTTAACC
sedimentation, 100 ml of FLAG antibody-immunoprecipitated mate-

GGACGCTCGACGCCATTAATAATGTTTTC-39) was annealed with
rial was loaded onto a 3.1 ml 10%–35% glycerol gradient in buffer

φX174 virion single-stranded DNA, digested with endonuclease
B. After centrifugation at 50,000 rpm for 3 hr, fractions were collected

HpaII, and then filled in at the 39 ends with [a-32P]CTP and cold
from the top of the centrifugation tube.

GTP. The substrate was separated from free oligonucleotide and
Recombinant TAP54a and b were expressed as histidine-tagged

unincorporated nucleotides by passing over a G-50 spin column
proteins in E. coli BL21(DE3) from pET28a (Novagen). Recombinant

three times. The resulting partial duplex DNA was used as a sub-
proteins were purified by Ni21-NTA agarose chromatography as de-

strate. For DNA helicase assay, 5 ml of reaction mixtures were recon-
scribed before. Purified materials were further purified by Mono Q

stituted with purified proteins and 40 ng of substrate in a reaction
ion exchange chromatography followed by Superdex 200 gel filtra-

buffer containing 20 mM Tris-HCl (pH 7.5), 80 mM KCl, 0.5 mM
tion chromatography, as described above. For reconstitution of the

MgCl2, 2 mM dithiothreitol, and 500 mg/ml of BSA and incubated at
TAP54a/b complex, equimolar amounts of purified TAP54a and b

378C for 30 min. Various concentrations of ATP or 0.6 mM ATPaS
proteins were incubated on ice for 30 min. The complex was isolated

were added to the reaction mixtures as indicated. When specified,
by Superdex 200 gel filtration chromatography with 0.1 M KCl-con-

the TIP60 complex was preincubated with 0.6 mM ATPaS. The reac-
taining buffer B.

tion mixture was separated by 10% PAGE with TBE buffer and
visualized by autoradiography.

Antibodies
Antibodies employed were as follows: rabbit polyclonal antibody

Double-Strand Break Repair and Apoptosis Assaysagainst PAF400 was described previously (Vassilev et al., 1998);
Cells were irradiated with a 137Cs source (12 Gy) at 48C and incu-rabbit polyclonal antibodies against TAP100 and TAP54b were
bated at 378C. At the indicated times, cells were harvested and usedraised against fragments containing residues 2–200 and 155–337,
for double-strand break repair and apoptosis assays. Cellular DNArespectively; and anti-RUVBL1/TAP54a antibody (Qiu et al., 1998)
was analyzed by pulsed-field gel electrophoresis as describedwas kindly provided by Dr. Anindya Dutta.
(Scully et al., 1999). For apoptosis assay, cells were stained with
annexin V and PI, and then analyzed by flow cytometry, according

Histone Acetylase Assay
to the manufacturer’s protocol (BioVision, Palo Alto, California).

Core histones were purified from chicken erythrocytes as previously
described (Simon and Felsenfeld, 1979). Chromatin was prepared

Acknowledgmentsfrom chicken erythrocytes as described before (Simon and Felsen-
feld, 1979) except that no hydroxyapatite chromatography was per-
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labs for many helpful discussions; Xuetong Shen and Carl Wu forgive z10 nucleosome fragments. The resulting polynucleosomes
advice on the DNA helicase assay; Anindya Dutta for RUVBL1 anti-were further purified by glycerol gradient centrifugation in the pres-
body; and Birgit An der Lan (BAAR Biomed) for editing the manu-ence of 0.34 M NaCl (to obtain linker histone-containing chromatin)
script.or 0.6 M NaCl (to obtain linker histone-depleted chromatin) and then

dialyzed against 10 mM Tris-HCl buffer (pH 8) containing 0.2 mM
EDTA and 0.25 mM PMSF. Histone acetylase assay was performed Received June 30, 2000; revised July 21, 2000.
as previously described (Ogryzko et al., 1996) with the following
modifications: reactions contained 1 nmol of [14C]acetyl CoA, 1 pmol
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