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We and other groups have shown that the histone acetyl-
transferase (HAT) TIP60/Esal participates in the DNA dam-
age response as a protein complex (9, 13, 16, 30, 54, 55). For
example, TIP60 induces histone H4 acetylation and the accu-
mulation of repair molecules, including RADS5I, at sites of

_ DSBs with TRRAP in human cells (30). In Saccharomyces
cerevisiae, the NuA4 complex, including Esal, a yeast homo-
logue of human TIP60, binds histone H4 through Arp4 to
mediate the DSB-induced acetylation of H4 (9). However, it is
not yet known how histone acetylation by the TIP60 complex
regulates chromatin organization immediately after the induc-
tion of DSBs in the human DNA repair response.

In addition to histone modifications, histone eviction/release
and histone variant exchange can facilitate DNA repair by
recruiting signaling and repair factors (12, 25, 57). The ex-
change of core histones for a specific variant within nucleo-
somes can also alter chromatin structure in a temporally con-
trolled manner (1, 3, 19, 22, 26, 28, 42, 49, 62). For example,
Drosophila melanogaster DmTIP60 has been shown to acetylate
phospho-H2A.v in vitro, resulting in its removal from chroma-
tin due to exchange with an unmodified H2A.v (22). In bud-
ding yeast, H2A (or phospho-H2A) is replaced with the H2A
variant Htz1 by the histone exchange complex SWR1 (28). The
INOB80 complex provokes chromatin reorganization following
DNA damage; this reorganization includes the release of his-
tones H2B and H3 at sites around DSBs, leading to the re-
cruitment of RADS1 (29, 53). Furthermore, the histone variant
H3.1 appears to be deposited at sites of UV damage by the
chromatin assembly factor CAF-1 (36). Although these studies

indicate that histone eviction and variant exchange are impor- .

tant mechanisms for altering chromatin structure during the
DNA damage response (35, 57), it is not clear how histone
modifications engage in these chromatin reorganizations im-
mediately following the induction of DSBs during DNA repair
in human cells. ‘

Here, we show that the TIP60 HAT complex interacts with
H2AX immediately after exposure to ionizing irradiation (IR).
Furthermore, DSBs facilitate the association of TIP60 with the
ubiquitin-conjugating enzyme UBC13 (2). The TIP60-UBC13
complex regulates the acetylation and ubiquitination of H2AX
following the formation of DSBs. The DSB-induced acetyla-
tion of H2AX lysine 5 (K5) is required for this ubiquitination
and occurs independently of the phosphorylation of H2AX.
We also show that damage-induced acetylation and ubiquiti-
nation provoke the release of H2AX from chromatin immedi-
ately after the induction of DSBs. Because TIP60-UBC13 is
required for the DSB-induced ubiquitination and release of
H2AX, these findings provide the first evidence that human
TIP60 promotes the acetylation-dependent ubiquitination of
H2AX by UBC13, causing H2AX release from chromatin,
which facilitates chromatin reorganization following DNA
damage.

MATERIALS AND METHODS

Cell culture. HeLa cells (16) (kind gift from Y. Nakatani, Dana-Faber Cancer
Institute) and GM02063 (51), a simian virus 40-transformed human fibroblast
cell line, were cultured in Dulbecco’s modified Eagle’s medium supplemented

* with 10% fetal calf serum.

Reagents and antibodies. Anti-FLAG and antihemagglutinin (anti-HA) anti-
body-conjugated agaroses (Sigma) were used for the purification of FLAG-HA-
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tagged proteins. Immunoblotting analyses were performed with anti-TIP60
(Upstate), anti-acetylated H2A(KS) (Cell Signaling), anti-glyceraldehyde-3-
phosphate dehydrogenase (anti-GAPDH) (Santa Cruz Biotechnology), anti-
FLAG (Sigma), anti-H2AX (Sigma), antiubiquitin (FK2; Nippon Bio-Test Lab),
anti-UBC13 (Zymed), and anti-HA (Roche) antibodies.

Affinity purification of H2AX and TIP60 complexes. HeLa cells expressing
FLAG-HA epitope-tagged H2AX (eH2AX; wild type or site-specific mutants) or
TIP60 (eTIP60) were grown to 1.0 X 106 cells/m! as suspension cultures. For the
induction of DNA damage, cells were y-irradiated (12 Gy) after centrifugation.
The nuclear extract and chromatin fraction were prepared from the cells, and the
H2AX and TIP60 complexes were purified from the nuclear extracts as previ-
ously described (16, 31). To affinity purify eH2AX (wild type and mutants) from
the chromatin fraction, the nuclear pellet was resuspended in a buffer of 20 mM
Tris-HQl (pH 8.0), 500 mM KCl, 5 mM MgCl,, 0.2 mM EDTA, 10% glycerol,
0.1% Tween 20, 10 mM 2-mercaptoethanol, and 0.25 mM phenylmethylsulfonyl
fluoride and then lysed by sonication. After the removal of insoluble material by
centrifugation, eH2AX and eTIP60 were affinity purified (16, 31).

Microirradiation, FRAP, and iFRAP. GM02063 cells expressing green fluo-
rescent protein (GFP)-tagged H2AX (GFP-H2AX; wild type or site-specific
mutants), H2A (GFP-H2A), H2B (GFP-H2B), H3 (GFP-H3), or H4 (GFP-H4)
were maintained on the microscope stage in an FCS live-cell chamber system
(Bioptechs) at 37°C. Imaging, microirradiation, and fluorescence recovery after
photobleaching (FRAP) experiments were performed using an LSM510 confocal
microscope (Carl Zeiss). For microirradiation, sensitization of cells was per-
formed by incubating the cells for 20 h in medium containing 2.5 uM deoxyri-
bosylthymine and 0.3 p.M bromodeoxyuridine (Sigma) and then staining with 2
ng/ml Hoechst 33258 (Sigma) for 10 min before UVA microirradiation as de-
scribed previously (58). The 364-nm line of the UVA laser was used for micro-
irradiation (three pulses at 180 uW). The maximum power of the 488-am Ar
laser line was used for photobleaching in FRAP analysis. For imaging, the laser
was attenuated to 0.1%. For inverse FRAP (iFRAP) experiments (14, 37),
photobleaching was performed under the same conditions as for FRAP analysis..
All fluorescence regions except for small regions in irradiated and unirradiated
areas were bleached, and the remaining GFP fiuorescence was chased using the
LSMS510 confocal microscopy. For FRAP and iFRAP analysis, a prebleached
image was acquired just after the induction of DSBs by UVA laser microirra-
diation, after which the bleaching pulse was delivered. To quantify fluorescence
recovery, single optical sections were collected at 3- or S-s intervals for the
indicated periods of time. Image J was used for the quantification of fluorescent
intensity in FRAP analysis. Background fluorescence intensity (BG) was mea-
sured in a random field outside of the cells. The average fluorescence intensity in
the bleached region at each time point (/,) was measured in a region correspond-
ing to at least 30% of the bleached region. For each time point, the relative
intensity was calculated as follows:. Iy, = (I, — BG)/({, — BG), where I, is the
average intensity of the region of interest before bleaching. The percent recovery
after 260 s in FRAP analysis (Pyecovery;260 5) Was calculated as follows: Precovery;
2603 = 100 X (Iie1:260 s = Trerzs )/(1 = Irer6,), Where I , is the relative intensity
of the bleached area in the first image taken after bleaching (6 s after bleaching),
and Jei260  is the relative intensity of the bleached area in the image taken 260 s
after bleaching. Statistical comparisons were made using Student’s f test. Image
J was also used to generate profile plots of fluorescence intensity in the iFRAP
analysis.

Immunofluorescence analysis. Cells were fixed with 4% paraformaldehyde in
1X phosphate-buffered saline (PBS). Next, nuclei were permeabilized with 0.1%
sodium dodecyl sulfate (SDS)-0.5% Triton X-100 in 1X PBS for § min. An in
situ cell death detection kit (Roche) was used for the terminal deoxynucléo-
tidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) technique as
recommended by the manufacturer. For the detection of RADS51, fixed cells were
incubated for 30 min at 37°C with anti-RADS1 antibody (1:2,000; kindly provided
by A. Shinohara, Osaka University) in 1% bovine serum albumin-1X PBS.
Fluorescein isothiocyanate-conjugated goat anti-rabbit (1:1,000; Biosource) was
used as the secondary antibody. Nuclei were stained with Hoechst 33342. Sam-
ples were examined with an Axioplan2 microscope and using an AxioCam MRm
controlled by Axiovision (Zeiss).

MS-MS analysis. Protein sequences were determined using an ultraflex time-
of-flight mass spectrometer (Bruker Daltonics) equipped with a nitrogen laser
operating at 337 nm. The samples were also examined by tandem mass spectros-
copy (MS-MS) methods with an AXIMA-QIT (Shimazu-Kratos) ion trap matrix-
assisted laser desorption mass spectroscopy (MS). The following sequences were
extracted: for TIP60, N'-EVPASAQASGK-C', N'-LFYVHYIDFNK-C', N-LL
IEFSYELSKVEGK-C', and N'-EDVISTLQYLNLINYYK-C’; for Ub-H2AX,
N’-AGLQFPVGR-C', N'-ESTLHLVLR-C', N'-K(LRGG)TSATVGPK-C', and
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N‘-HLQLAIRNDEELN-C'; and for H2AX, N'-HLQLAIR-C’, N'-AGLQFPV
GR-C', and N'-LLGGVTIAQGGVLPNIQAVLLPK-C".

siRNA. The short interfering RNA (siRNA) expression vector pSUPER.
retro.puro (OligoEngine) was used to knock down TIP60 (target sequence,
5'-GGACATCAGTGGCCGGAAGC-3’ [siTIP60.1) or 5'-~ACGGAAGGTGGA
GGTGGT-3' [siTIP60.2]), H2AX (5'-CTGGAATTCTGCAGCTAAC-3"), or
UBC13 (5'-AAGCATGAGCAGAGGCTAGAA-3' [siUBC13.1] or 5'-AAGCA
GCTAACCAGGTCTTTA-3' [siUBC13.2]). Retroviral production was used to
generate GM02063 cells or HeLa cells stably expressing TIP60-, H2AX-, and
UBC13-specific or control siRNAs based on puromycin resistance. To measure
the levels of proteins, cells were lysed in protein sample buffer and analyzed by
immunoblotting,

i

‘ ~ RESULTS

TIP60 HAT regulates DNA damage-induced acetylation of
H2AX. To identify proteins that associate with H2AX imme-
diately after the induction of DNA damage, stably expressed
FLAG-HA eH2AX was purified from nuclear extracts of HeLa
cells following treatment with IR. Purification of eH2AX was

performed by sequential steps of affinity chromatography on

anti-FLAG antibody-conjugated agarose followed by anti-HA
antibody-conjugated agarose (16, 31), and the associated pro-
teins were analyzed by SDS-polyacrylamide gel electrophore-
sis. SDS-polyacrylamide gel electrophoresis analysis of the pu-
rified H2AX complexes indicated that several proteins are
associated with H2AX in a DNA damage-dependent manner
(see Fig. S1A in the supplemental material). We employed MS
analysis to identify the binding partner of H2AX. MS analysis
indicated that TIP60 HAT was included in the purified H2AX
complex following the induction of DNA damage by IR. This
was confirmed by immunoblotting with an anti-TIP60 antibody
(Fig. 1A). In contrast, a similar analysis of H2A-binding pro-
teins from irradiated cells did not show the presence of TIP60
(Fig. 1A). These findings suggest that TIP60 interacts specifi-
cally with H2AX in the nuclear soluble fraction after IR.
Previous studies have shown that K5 of histone H2A is
acetylated by TIP60 in vitro (18). Because the K5 site is well
conserved between H2AX and H2A, we examined K5 acety-

lation in immunoaffinity-purified H2AX by immunoblotting-

analysis using an anti-acetyl-H2A(K5) antibody. We found that
H2AX(KS5) was acetylated and that the amount of acetylated
H2AX (Ac-H2AX) was substantially increased by IR (Fig. 1B).
This finding was confirmed by MS-MS analysis (data not
shown). '

To confirm the role of TIP60 in H2AX acetylation, we con-
structed human GM02063 fibroblasts (51) that stably express
TIP60 siRNA. In these cells, the amount of TIP60 protein was
reduced by >80% (Fig. 1C). We then transiently transfected
the cells with FLAG-H2AX, treated them with and without IR,
and performed immunoprecipitation using an anti-FLAG an-
tibody. Immunoblotting indicated that the DSB-induced acet-
ylation of H2AX(KS) was significantly suppressed in TIP60
siRNA-expressing cells (Fig. 1D). Similar results were ob-
tained using another TIP60-specific siRNA, confirming that
. the suppression of H2AX(KS5) acetylation was due to the spe-
cific depletion of TIP60 (see Fig. S2A and B in the supplemen-
tal material). Moreover, the TIP60 complex directly acetylated
free H2AX and H2AX in a nucleosomal context in vitro (data
not shown). These results suggest that TIP60 is required for
the acetylation of H2AX(KS5) in the very early stages of the
DNA damage response.
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We next confirmed the DSB-induced interaction between
H2AX and TIP60 by reciprocal affinity purification experi-
ments using HeLa cells expressing FLAG-HA eTIP60. The
TIP60 complex purified from the nuclear soluble fraction of
irradiated cells included endogenous H2AX (Fig. 1E). Inter-
estingly, immunoblot analysis using an anti-H2AX antibody
revealed multiple higher-molecular-weight bands in addition
to the band corresponding to H2AX. This finding indicated
that TIP60-associated H2AX may contain modifications other
than acetylation and phosphorylation following IR-induced
DNA damage (Fig. 1E).

Acetylation by TIP60 is required for the ubiquitination of
H2AX following DNA damage. The approximate molecular
weight differences of the slower-migrating species led us to
speculate that H2AX in the nuclear soluble fraction is poly-
ubiquitinated upon DSBs. Immunoblotting of purified eH2AX
from the soluble nuclear fraction revealed that multiple bands
reacted with both anti-H2ZAX and antiubiquitin antibodies fol-
lowing IR (Fig. 2A). MS-MS analysis confirmed that the ~32-
kDa protein was a form of eH2AX ubiquitinated on lysine 119
[Ub-eH2AX(K119)] (see Fig. SIB in the supplemental mate-
rial). The DNA damage-dependent polyubiquitination of
H2AX on K119 was further confirmed by eH2AX in which
K119 was replaced with Arg [eH2AX(K119R)]. As expected,
the DSB-induced polyubiquitination of eH2AX was signifi-
cantly suppressed in eH2AX(K119R) mutant-expressing HeLa
cells by immunoblotting analysis using anti-H2AX and antiu-
biquitin (FK2) antibodies (Fig. 2A). These results suggest that
DSBs induce the polyubiquitination of H2AX at K119 in the
nuclear soluble fraction of HeLa cells.

Because the TIP60 complex interacted with polyubiquiti-
nated H2AX (poly-Ub-H2AX) after IR, we next examined the
involvement of TIP60 in the polyubiquitination of H2AX in
the nuclear soluble fraction. The specific depletion of TIP60
significantly suppressed the IR-induced polyubiquitination of
eH2AX purified from the nuclear soluble fraction (Fig. 2A).
We then analyzed whether TIP60 regulates the polyubiquiti-
nation of H2AX via the acetylation of KS upon DNA damage.
We expressed an eH2AX in which K5 was replaced with Arg
[eH2AX(KSR)) in HeLa cells and then purified it by immu- .
noaffinity chromatography from the nuclear soluble fraction of
Hela cells following treatment with or without IR. Immuno-
blotting analysis using anti-H2AX and antiubiquitin (FK2) an-
tibodies revealed little or no increase in the level of poly-
ubiquitinated eH2AX(K5R) after IR (Fig. 2A), suggesting that
the DSB-induced polyubiquitination of H2AX in the nuclear
soluble fraction requires TIP60-dependent acetylation.

The finding that TIP60 specifically interacts with H2AX and
regulates its polyubiquitination in the nuclear soluble fraction
following DNA damage suggests two possibilities. One is that
TIP60 interacts with H2AX released from chromatin upon
DNA damage. The other is that TIP60 is targeted to damaged
chromatin and regulates the release of H2AX via histone mod-
ifications. To determine which of these possibilities is correct,
we analyzed whether TIP60 regulates these H2AX modifica-
tions in the chromatin fraction. First, to examine the ubiquiti-
nation status of H2AX in the chromatin fraction, we per-
formed anti-H2AX immunoblotting of the affinity-purified
e¢H2AX from the chromatin fraction following treatment with
or without IR. We found that eH2AX in the chromatin-bound
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FIG. 1. TIP60 regulates the acetylation of H2AX(KS) upon DNA damage. (A) The mock control, cH2AX, and eH2A complexes were
immunoaffinity purified from the nuclear soluble fraction of HeLa cells treated without (—) or with (+} IR at 12 Gy followed by a 5-min recovery.
Immunoblotting analysis was performed with anti-TIP60 (top) and anti-FLAG (bottom) antibodies. (B) The eH2AX complex immunoaffinity
purified from the nuclear soluble fraction of Hela cells treated with IR (12 Gy) followed by a 5-min recovery. Proteins were analyzed by
immunoblotting using anti-acetyl-KS of H2A antibody (top). Unirradiated cells (=) were used as controls. eH2AX was used as a loading control
(bottom). (C) Depletion of TIP60 by TIP60 siRNA. Shown are anti-TIP60 immunoblots of lysates from TIP60 siRNA (siTIP60.1)-expressing and
mock control cells prepared at the indicated times after IR at 12 Gy (top). GAPDH was used as a loading control (bottom). (D) Effect of the
depletion of TIP60 on the acetylation of H2AX after IR. TIP60-specific siRNA (siTIP60.1)-expressing and mock control cells transfected with a
FLAG-H2AX expression vector were treated with IR at 12 Gy and allowed to recover for 5 min. Immunoprecipitation was carried-out using the
anti-FLAG antibody, and proteins were analyzed by immunoblotting with antibodies against H2A acetylated on K5 (top) or total H2AX (bottom).
Cells were treated with sodium butyrate (final concentration, 5 mM) for the detection of acetylation. (E) Western blot analysis of the TIP60
complex by use of anti-H2AX (top) and anti-HA (bottom; loading control) antibodies. Shown are the mock control and the TIP60 complex
immunoaffinity purified from nuclear extract of HeLa cells stably expressing FLAG-HA eTIP60 with IR at 12 Gy followed by a 5-min
recovery. Bands that reacted with anti-H2AX antibody are indicated by an asterisk and a bar. eTIP60 was used as a loading control (bottom).
WB, Western blot.

fraction was monoubiquitinated under normal conditions, as clude the possibility-that H2AX is also ubiquitinated indepen-

reported previously (Fig. 2B and C) (61). The level of mono-
ubiquitination of eH2AX was increased following IR (Fig. 2B
and C). Importantly, eH2AX was significantly polyubiquiti-
nated following IR (Fig. 2C). The DSB-induced poly- and
monoubiquitination of eH2AX in the chromatin fraction were
abolished by the K119R mutation [eH2AX(K119R)] (Fig. 2B
and C). We further confirmed these findings by a coimmuno-

precipitation (coIP) experiment using 293T cells expressing .

FLAG-tagged H2AX(K119R) and HA-tagged ubiquitin (see
Fig. S3A in the supplemental material). These results indicate
that eH2AX in the chromatin fraction was mono- and poly-
ubiquitinated at K119 following IR. However, we cannot ex-

dent of DNA damage at a residue other than K119, because a
longer exposure of the anti-H2AX immunoblot of the K119R

. mutant suggested weak monoubiquitination after IR.

We next examined the involvement of TIP60 in the DSB-
induced modifications of HZAX in the chromatin fraction. The
depletion of TIP60 in HeLa cells by use of TIP60 siRNA
repressed the DSB-induced mono- and polyubiquitination of
eH2AX (Fig. 2C). Monoubiquitination of eH2AX and H2AX
in the chromatin fraction under normal conditions was not
disturbed by the depletion of TIP60 (Fig. 2C). These findings
are consistent with the notion that TIP60 regulates the DSB-
induced mono- and polyubiquitination of H2AX in the chro-



7032 IKURA ET AL. Mot. CeLL. BioL.

A ) Nuclear soluble fraction

H2AX complex

WT S139A K118R KSR siTIP60.1 WT S139A K119R KSR ¢iTIP60.1
- 4 - 4+ - + - + - + (5min)
42

—

1M 12 13 14 15 16 17 18 195
WB: anti-ubiquitin (FK2)

12 34567 8 9510,

{Short exposure)
WB: anti-H2AX

B Chromatin fraction
H2AX  H2AX H2AX  H2aX

wT Kt19R wT K119R

WB: anti-H2AX

C . Chromatin fraction
H2AX complex

WT S139AK119R KSR siTIPE0.1
(5min)

Poly-Ub-eH2AX
- M2AxX —

«— Mono-Ub-eH2AX
+- Mono-Ub-H2AX

(Long eposure)
—eH2AX hooa B -

1112 1314 15 16 17 18 10 20
(Short exposure)
WB: anti-ubiquitin (FK2)

— H2AX
(Long exposure)

.t

- 12 9 4 5 67 8 9
(Short exposure)

wB: anti-H2AX

FIG. 2. Acetylation of H2AX regulated by TIP60 is required for the ubiquitination of H2AX upon DNA damage. (A and C) Wild-type eH2AX
(lanes 1, 2, 11, and 12) and mutants eH2AX(S139A) (lanes 3, 4, 13, and 14), eH2AX(K119R) (lanes 5, 6, 15, and 16), and eH2AX(K5R) (lanes
7, 8, 17, and 18) were immunoaffinity purified from the nuclear soluble (A) and chromatin (C) fractions of cells stably expressing wild-type or
mutant forms of eH2AX treated with IR (12 Gy) followed by a 5-min recovery. Wild-type eH2AX was also purified from TIP60 knockdown cells
(siTIP60.1) expressing wild-type eH2AX (lanes 9, 10, 19, and 20). Proteins were analyzed by immunocblotting using anti-H2AX (left) and
anti-ubiquitin (FK2) (right) antibodies. Asterisks indicate that the signals reacted with both anti-H2AX and antiubiquitin (FK2) antibodies.
€H2AX was used as a loading control (bottom). (A) Unmodified eH2AX and polyubiquitinated eH2AX (poly-Ub-eH2AX) are indicated. (B) The
monoubiquitination status of immunoaffinity-purified wild-type eH2AX (lanes 1, 2, 5, and 6) and the K119R mutant (lanes 3, 4, 7, and 8) from the .
chromatin fractions of cells treated with IR (12 Gy) followed by a 5-min recovery was analyzed by immunoblotting using anti-H2AX antibody.
Unmodified eH2AX and mono-Ub-eH2AX were detected together with unmodified H2AX and mono-Ub-H2AX. (C) Poly-Ub-eH2AX and
endogenous H2AX are indicated. WT, wild type; WB, Westem blot.

matin fraction. Because the IR-induced acetylation was in the nuclear soluble fraction of HeLa cells, (Fig. 2C). The

abolished by the eH2AX(K5R) mutation in the chromatin
fraction (Fig. 3), we concluded that H2AX(KS) is the target
of acetylation upon DSBs in the chromatin and nuclear
soluble fractions. Importantly, DSB-induced mono- and
polyubiquitination of eH2AX were significantly repressed
by the eH2AX(KSR) mutation in the chromatin fraction as

requirement for acetylation in the DSB-induced mono- and
polyubiquitination of H2AX was confirmed by a colP exper-
iment using 293T cells expressing FLAG-tagged H2AX
(K5R) and HA-tagged ubiquitin (see Fig. S3A in the sup-
plemental material). Taken together, these findings suggest
that TIP60 regulates the DSB-induced mono- and polyubiq-
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FIG. 3. H2AX is acetylated independent of phosphorylation and
ubiquitination upon DNA damage. Wild-type and mutant eH2AX
proteins (S139A, K119R, and K5R) were immunoaffinity purified from
the chromatin fraction of HeLa cells treated with IR at 12 Gy followed
by a 5-min recovery, and the acetylation status was analyzed by immu-
noblotting with the anti-acetyl-K5 of H2A (top). eH2AX was used as
- a loading control (bottom). Cells were treated with sodium butyrate
(final concentration, 5 mM) for the detection of acetylation. WT, wild
type; WB, Western blot.

uitination of H2AX in the chromatin fraction. If preexisting
monoubiquitinated H2AX (mono-Ub-H2AX) in the chro-
matin fraction is the only source for DSB-induced polyubig-
uitination, the amount of mono-Ub-H2AX should be de-
creased. However, because the amount of mono-Ub-H2AX
was increased upon DNA damage (Fig. 2C; also see Fig.
S3A in the supplemental material), DNA damage can in-

A

RELEASE OF H2AX IN DNA DAMAGE RESPONSE 7033

duce the de novo polyubiquitination of H2AX in the chro-
matin fraction by TIP60.

To confirm the connection between acetylation and poly-
ubiquitination, we examined the time courses of the H2AX
modifications in the chromatin fraction of HeLa cells after IR.
‘The polyubiquitination of eH2AX peaked sharply 2 to S min
after IR and nearly paralleled its acetylation (Fig. 4A and B).
The increase in mono-Ub-H2AX also peaked at 2 to 5 min
(Fig. 4B). We also obtained comparable results in a coIP ex-
periment using 293T cells expressing FLAG-tagged H2AX and
HA-tagged ubiquitin (see Fig. S3B in the supplemental mate-
rial). The similarities in the kinetics of acetylation and of the
mono- and polyubiquitination of H2AX strongly suggest a
preferential linkage of acetylation with de novo polyubiquiti-
nation of eH2AX in the chromatin fraction immediately after
IR. Notably, the ratio of polyubiquitination to monoubiquiti-
nation of H2AX in the nuclear soluble fraction is much higher
than that in the chromatin fraction. This suggests that the
polyubiquitination but not the monoubiquitination of H2AX is
involved in the release of H2AX from chromatin upon DNA
damage. Collectively, these findings suggest that TIP60 facili-
tates H2AX release upon DNA damage via acetylation-depen-
dent polyubiquitination of H2AX at the very early stage of
DNA repair.
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FIG. 4. Time course of acetylation, ubiquitination, and phosphorylation of H2AX after induction of DSBs, Wild-type eH2AX was immuno-
affinity purified from the chromatin-bound fraction derived from HeLa cells stably expressing eH2AX at the indicated times of recovery after IR
(12 Gy). (A) The acetylation status was analyzed by immunoblotting with the anti-acetyl-K5 of H2A (top). eH2AX was used as a loading control
(bottom). Cells were treated with sodium butyrate (final concentration, 5 mM) for the detection of acetylation. (B) Proteins were analyzed by

immunoblotting using anti-H2AX (top and

antibodies. WB, Western blot.

bottom in left gel), anti-y-H2AX (middle in left gel), and
€H2AX was used as a loading control (bottom in left gel). Asterisks indicate the bands reacted with bo

antiubiquitin (FK2) (right) antibodies.
th anti-H2AX and antiubiquitin (FK2)
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Acetylation-dependent ubiquitination of H2AX upon DNA
damage is independent of phosphorylation. The above data
provide evidence for the acetylation-dependent ubiquitination
of H2AX upon DSBs by TIP60. However, the relationship
between the DSB-induced acetylation-dependent ubiquitina-
tion and phosphorylation of H2AX remains unclear. To inves-
tigate this further, we examined the modification status of a
phosphorylation mutant of H2AX [¢eH2AX(S139A)] after IR.
Immunoblotting analysis using anti-H2AX and antiubiquitin
(FK2) antibodies revealed that eH2AX(S139A) affinity puri-
fied from both the nuclear soluble and chromatin fractions
were mono- and polyubiquitinated following IR (Fig. 2A and
C). This finding was supported by a coIP experiment using
293T cells expressing FLAG-tagged H2AX(S139A) and HA-
tagged ubiquitin (see Fig. S3A in the supplemental material).
Moreover, eH2AX(S139A) in the chromatin fraction was
acetylated after IR (Fig. 3). These findings suggest that phos-
phorylation is not required for either acetylation or ubiquiti-
nation after IR. Consistently, in contrast to what was seen
for the acetylation and polyubiquitination of eH2AX, which
peaked 2 to 5 min after IR, the level of phosphorylation was
constant during the experiment (Fig. 4B). Taken together,
these results indicated that acetylation-dependent ubiquitina-
tion is regulated independently of the phosphorylation of
H2AX upon DNA damage.

To determine the biological consequences of the acetylation,
ubiquitination, and phosphorylation of H2AX following DNA
damage, we established HeLa cells expressing siRNAs targeted
to the noncoding region of the endogenous H2AX for the
reconstitution experiments with the expression of H2AX mu-
tants (see Fig. S4A in the supplemental material). The expres-
sion of the GFP-H2AX wild type and GFP-H2AX mutants was
not affected by the coexpression of H2AX siRNA (see Fig.
S4A in the supplemental material). We found that following
IR, the survival of HeLa cells expressing H2AX(KSR),
H2AX(K119R), or H2AX(S139A) mutants was reduced com-
pared to that seen for H2AX knockdown HeLa cells expressing
wild-type eH2AX or for the parental HeLa cells (P < 0.01)
(see Fig. S4B in the supplemental material). These data sug-
gest that along with H2AX phosphorylation, H2AX acetylation
and ubiquitination play a significant role in cellular survival
following DNA damage.

The TIP60-UBC13 complex regulates the DSB-induced
ubiquitination of H2AX. In our previous study, we suggested
that UBC13 can regulate the ubiquitination of H2AX after IR
(64). Indeed, we found-that UBCI13 is included in eH2AX
complexes that were affinity purified from either nuclear solu-
ble or chromatin fractions and that the amount of UBC13 in
the H2AX complexes was substantially increased following IR
(Fig. 5A). We further analyzed the localization of GFP-tagged
TIP60 or UBC13 expressed in GM02063 cells carrying DSBs
along a microirradiated line. We found that both GFP-TIP60
and GFP-UBC13 accumulated at damaged sites 5 min after
microirradiation (Fig. 5B). We confirmed that the integration
of UBC13 into TIP60 purified from the nuclear soluble frac-
tion is stimulated following IR (Fig. 5C). The ubiquitination of
H2AX after the induction of DSBs was disturbed in the
UBC13-depleted HeLa cells expressing UBC13 siRNA, con-
firming the direct dependence of the ubiquitination of H2AX
on UBC13 in the DNA damage response (Fig. 5D; also see Fig.
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S5 in the supplemental material). Collectively, these findings
indicate that TIP60 interacts with UBC13 to facilitate the ubig-
uitination of H2AX in damaged chromatin.

H2AX is released from damaged chromatin after induction
of DSBs. Following IR, the level of poly-Ub-H2AX appeared
to increase more in the soluble nuclear fraction than in the
chromatin-bound fraction (Fig. 2A and C). This indicated that
a fraction of H2AX may undergo dynamic release from dam-
aged chromatin. To examine the mobility of DSB-associated
H2AX, we utilized a laser UVA microirradiation system to
induce DSBs at the single-cell level (21, 51, 58). We first
confirmed that H2AX is poly- and monoubiquitinated after the
induction of DSBs by UV irradiation of bromodeoxyuridine-
labeled cells (data not shown). We then performed photo-
bleaching analysis to assess histone binding properties in vivo
following the induction of DSBs with the laser UVA microir-
radiation system (20, 24, 27). We confirmed that the stably
expressed GFP-H2AX proteins in HeLa and GM02063 cells
share a range of physiological properties with the endogenous
histone: GFP-H2AX was found to localize in chromatin
throughout the cell cycle, similar to other histones, and the salt
extraction profile was similar to that of the endogenous H2AX
(data not shown) (44). We then performed iIFRAP analysis (14,
37) of GFP-H2AX in combination with microirradiation to
determine whether GFP-H2AX is released from damaged
chromatin. In iFRAP experiments, immediately following mi-
croirradiation, all of the fluorescence (except in small regions
of irradiated areas and in unirradiated areas) was bleached,
and the remaining GFP-H2AX fluorescence was chased using
LSM510 confocal microscopy. As a result, the remaining GFP-
H2AX fluorescence within the irradiated area became signifi-
cantly weaker than that in the unirradiated area (Fig. 6A and
B), suggesting that GFP-H2AX can diffuse from chromatin
only in the irradiated area. Thus, DNA damage provokes the
release of GFP-H2AX from chromatin.

The dynamics of H2AX following DNA damage were exam-
ined by determining the fluorescence recovery of GFP-H2ZAX
within two independent strips of a single nucleus, one in the
irradiated area and the other in an unirradiated region, imme-
diately following microirradiation (Fig. 6C). Rapid fluores-
cence recovery was observed in the irradiated region (27.6% *
8.2% at 260 s), whereas the fluorescence intensity in the unir-
radiated region did not change much during the observed time
(5.0% *+ 4.3% at 260 s) (P < 0.000001) (Fig. 6D; also see the
video in the supplemental material). These findings also indi-
cate that the fluorescence recovery in the irradiated region is
due to the unbleached GFP-H2AX molecules released from
damaged chromatin, because GFP-H2AX in the unirradiated
area showed stable binding to chromatin (Fig. 6C and D). As
a control, we observed that GFP-H2A in the irradiated area
displays a recovery of fluorescence intensity slower (13.3% *
8.4% at 260 s) than that of GFP-H2AX (P < 0.0005) (Fig. 6E).

Chromatin has been shown to move in response to DNA
damage (4, 21). We quantified the dynamics of other core
histones following DNA damage to determine whether this
occurred. GFP-tagged H2B (18.3% * 9.9% at 260 s), H3
(11.4% * 6.9% at 260 s), and H4 (10.0% * 4.3% at 260 s)
displayed slower recoveries of fluorescence than GFP-H2AX
following the induction of DNA damage (P < 0.005) (see Fig.
S6 in the supplemental material). We noted that irradiation
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nuclear soluble (left) and chromatin (right) fractions of HeLa cells treated with IR at 12 Gy followed by a 5-min recovery. As a control, a mock
purification was performed using nontransfected HeLa cells. UBC13 was detected by immunoblotting using anti-UBC13 antibody (top). eH2AX
was used as a loading control (bottom). (B) Accumulation of GFP-TIP60 (left) or GFP-UBCI3 (right) in GM02063 cells at sites containing DSBs
after a 5-min recovery from laser UVA microirradiation. TUNEL staining was performed to detect DSBs induced by microirradiation. GFP-
TIP60/UBC13 and TUNEL signals are shown in green and red, respectively, in merged images. Scale bars, 10 pwm. (C) DSBs facilitate the
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only subtly affected the recovery rate of the fluorescence in-
tensity of H2B-GFP, which is the dimerization partner for all
H2A variants, including H2AX. Because H2AX accounts for
only 5 to 10% of the total H2A in chromatin, the DSB-induced
release of H2AX may have a limited impact on the global

dynamics of total H2B. Fluorescence recovery rates reflect the
amount of fluorescence molecules coming into the photo-
bleached area. Therefore, the high fluorescence recovery rate
of GFP-H2AX compared to those of other GFP-tagged core
histones strongly suggests the release of GFP-H2AX molecules
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FIG. 6. In vivo dynamics of H2AX regulated by ubiquitination and acetylation of H2AX after induction of DSBs by microirradiation.
(A) IFRAP analysis of GFP-H2AX in combination with microirradiation. Confocal images taken at indicated times after microirradiation are
shown. DSBs were induced in GM02063 cells expressing GFP-H2AX by laser UVA microirradiation in the area indicated by a yellow box.
Immediately after the induction of DSBs, fluorescence was bleached in the areas indicated by red boxes with the 488-nm laser line of an Ar laser.
Scale bar, 5 um. (B) Graph representation of fluorescence intensity versus distance along the arrows depicted in panel A. (C) FRAP analysis of
GFP-H2AX after laser UVA microirradiation. GFP-H2AX was imaged before microirradiation, immediately after bleaching, and 120 s after
bleaching (see the video in the supplemental material). Scale bar, 5 pm. (D) Quantitative analysis of fluorescence recovery curves after bleaching
of irradiated (1, red line) and control (2, blue line) areas. Values represent averages + standard errors for 14 cells. (E to H) Fluorescence recovery
curves for GFP-H2A.1 (n = 11) (E), GFP-H2AX(K5R) (n = 12) (F), GFP-H2AX(K119R) (n = 10) (G), and GFP-H2AX(S139A) (n = 15) (H) in
GMO02063 cells over time in the microirradiated (red lines) and control (2, blue lines) regions.

from damaged chromatin into the microirradiated and photo-
bleached area. Although we cannot exclude the possibility that
a gross chromatin movement also contributed to the H2AX
dynamics, such a gross movement alone is not sufficient to
explain the observed H2AX dynamics. In support of this con-
clusion, the amount of y-H2A(X) is lower near the DSBs than
at distal sites in yeast (43). In fact, H2A(X) release upon DNA
damage was also recently observed in yeast (S. Gasser, per-
sonal communication).

H2AX release in the early response to DSBs is regulated by
acetylation-dependent ubiquitination. Following the establish-
ment that H2AX is released from damaged chromatin upon
DSBs, we next investigated the involvement of H2AX modifi-
cations in the DSB-induced release. Using FRAP, we examined
the dynamics of GFP-tagged H2AX(K5SR), H2AX(K119R), and
H2AX(S139A) in GM02063 cells upon DSBs caused by micro-

irradiation. Compared to wild-type H2AX (27.6% =+ 8.2% at
260 s; Fig. 6D), both GFP-H2AX (KS5R) (11.5% + 4.4%
at 260 s; Fig. 6F) and GFP-H2AX(K119R) (17.5% * 6.3% at
260 s; Fig. 6G) showed reduced mobility following DNA dam-
age (P < 0.005). The fluorescence recovery of H2AX (5139A)
(32.8% = 8.5% at 260 s) appeared comparable to that of
wild-type H2AX (Fig. 6H). We also confirmed the reduced
mobility of GFP-H2AX(K5R) and GFP-H2AX(K119R) after
microirradiation in GM02063 cells by iFRAP analysis (data not
shown). These results suggest a significant role of K5 acetyla-
tion and K119 ubiquitination in DSB-induced H2AX release.
Conversely, the phosphorylation of H2AX(5139) does not ap-
pear to play a role in the release of H2AX following DNA
damage.

TIP60 and UBC13 regulate H2AX release following DNA
damage. To examine the role of TIP60 and UBC13, we per-
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FIG. 7. TIP60 and UBC13 are required for the release of H2AX upon DNA damage. (A to D) iFRAP analysis of GFP-H2AX after
microirradiation in GM02063 cells expressing TIP60 (siTIP60.1)- or UBC13 (siUBC13.1)-specific siRNAs was performed as described for Fig. 6A
and B. Depletion of TIP60 or UBC13 suppressed the DSB-induced release of GFP-H2AX. Scale bars, 5 um. (E to G) Fluorescence recovery curves
for GFP-H2AX in the microirradiated (red lines) and control (blue lines) regions in mock-transfected cells (n = 15) (E) and for GFP-H2AX in
GM02063 cells expressing TIP60-specific siRNA (siTIP60.1) (n = 10) (F) or UBC13-specific siRNA (siUBC13.1) (n = 12) (G).

formed iFRAP and FRAP analyses in TIP60 or UBC13 knock-
down cells. Depletion of TIP60 by siRNA significantly reduced
the diffusion of GFP-H2AX following microirradiation in
iIFRAP experiments (Fig. 7A and B). The involvement of TIP60
in the DSB-induced release of H2ZAX was confirmed by the
reduced fluorescence recovery of GFP-H2AX in microirradiated
regions of single nuclei in TIP60 knockdown cells (14.3% = 7.7%
at 260 s; P < 0.001; Fig. 7E and F; also see Fig. S2C in the
supplemental material). Similar results were obtained in cells
expressing a dominant-negative TIP60 HAT mutant (data not
shown). UBC13 knockdown GM02063 cells also showed a signif-
icant reduction in GFP-H2AX mobility following microirradia-
tion in iFRAP and FRAP experiments (20.1% * 13.8% at 260 s;
P < 0.05; Fig. 7C, D, and G). Taken together, these results are
consistent with the conclusion that TIP60 and UBC13 control the
damage-induced release of H2AX via the acetylation-ubiquitina-
tion pathway in the earlier stage of DNA repair.

The regulation of chromatin reorganization immediately af-
ter DNA damage by TIP60 in conjunction with UBC13 via the
release of H2AX suggests the involvement of TIP60 in the
subsequent DNA repair process. In support of this conclusion,

UBC13 is reported to be required for the recruitment/activa-
tion of the ubiquitin ligase function of BRCA1 and the subse-
quent formation of RADS51 nucleoprotein filaments at DSBs
(64). To investigate the role of TIP60 in the DNA repair
process, we examined RADS1 focus formation after IR in
GMO02063 cells expressing the TIP60 HAT mutant. RAD51
focus formation after IR was significantly disturbed in TIP60
HAT mutant-expressing cells (see Fig. S7 in the supplemental
material). Although we cannot exclude the possibility that
TIP60 regulates RADS51 focus formation independently of
H2AX release in the early step of homologous recombination
repair, it is possible that the TIP60-UBC13 complex is involved
in the DNA repair process, especially homologous recombina-
tion repair, via H2AX release.

DISCUSSION

In this study, we found that TIP60 HAT interacts with
H2AX upon DNA damage and that H2AX is not only acety-
lated but also ubiquitinated just after the induction of DSBs in
human cells. DSB-induced acetylation regulated by TIP60 is
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required for the ubiquitination of H2AX. We identified the
ubiquitin-conjugating enzyme UBC13 as a novel binding part-
ner for TIP6O in the ubiquitination of H2AX following DSB
formation. Interestingly, experiments using FRAPAFRAP in con-
junction with microirradiation indicated that the release of
H2AX from damaged chromatin depends on the acetylation-
ubiquitination pathway. Specifically, our findings indicate that
the TIP60-UBC13 complex regulates the release via acetyla-

tion-dependent ubiquitination in the early stage of the DNA .

damage response.

We showed here that immediately after microirradiation,
DSBs facilifate the interaction of TIP60 with UBCI3 (Fig. 5B
and C). Because TIP60-induced acetylation of H2AX is re-
quired for the polyubiquitination of H2AX upon DNA dam-
age, the acetylation of H2AX may be involved in the recruit-
ment of UBCI3 to the damage site, or it may modulate the
activity of UBC13 to facilitate the polyubiquitination of H2AX,

“leading to the release of H2AX. In our preliminary experi-
ments, depletion of TIP60 by use of siRNA did not suppress
the interaction of UBC13 with H2AX upon DNA damage
(data not shown), suggesting that the acetylation of H2AX by
TIP60 is not essential for the recruitment of UBCI13 into the
damage site. Therefore, the enzymatic activity of UBC13 may
be induced by TIP60 through an unknown mechanism medi-
ating H2AX polyubiquitination after the induction of DSBs.
At present, it is not clear how the polyubiquitination of
H2AX regulates the release of H2AX. Because polyubiquiti-
nation by UBC13 often regulates protein function or protein-
protein interactions (33), damage-induced polyubiquitination
of H2AX by TIP60-UBC13 could be a signal for the recruit-
ment of histone chaperone or chromatin-remodeling factors.
‘The other possibility is that the structural change of H2AX by
polyubiquitination might lead to the decreased affinity of
H2AX fot nucleosomes. Further studies are required to deter-

- mine which of these possibilities is correct.

The DmTIP60-p400/Domino complex regulates the ex-

- change of phospho-H2A.v with an unmodified H2A.v in vitro

(22). Because p400 is included in the purified TIP60 complex

and is required for UV-induced apoptosis in human cells (54),

P400 may be involved in the release of H2AX in cooperation

with the TIP60-UBC13 complex, leading to cell cycle progres-

sion or apoptosis. A previous study also showed that the
TIP60-TRRAP complex is involved in homologous recombi-
- national repair by acetylating histone H4 after the induction of
DSBs (39). Although it remains unclear whether the TIP60-
- TRRAP complex participates in the release of H2AX, histone
H4 acetylation by the TIP60-TRRAP complex may be needed
to facilitate the polyubiquitination of H2AX by UBC13 during
homologous recombinational repair. Therefore, to address the
significance of the TIP60-UBC13 complex in H2AX release, it
will be important to identify factors involved in this process
within the TIP60 complex following the induction of DSBs.
A number of potential functions of H2AX in DNA damage
response or DNA repair have been suggested. v-H2AX has
been proposed to function as a docking site for repair protein
complexes to bind to broken DNA ends (5, 46). v-H2AX may
also keep the broken DNA ends tethered together with assem-

bled repair factors to prevent aberrant repair of DSBs such as

chromosomal translocations, because the loss of one H2AX
allele results in'a haploinsufficiency that compromises genomic

for H2A-FLAG/HA-exp
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integrity and enhances genomic instability in the absence of
P33 (5, 7). However, it is unclear whether the phosphorylation
of H2AX is involved in the alteration of the chromatin struc-
ture to facilitate the access of repair proteins to the damaged
chromatin. The release of H2AX via the acetylation-ubiquiti-
nation pathway immediately after the induction of DSBs may
be involved in the opening of damaged chromatin for the
access of repair proteins around DSBs. Thus, H2AX could play
two distinct roles in the early steps of the DNA damage re-
sponse: (i) phospliorylation by ATM or DNA protein kinase -
catalytic subunit to form y-H2AX foci for the accumulation of
repair factors and (i) acetylation-dependent ubiquitination by
TIP60-UBCI13 to facilitate the release of H2AX for the alter-
ation of chromatin structure at the damage site: Recently,
RAP80 has been shown to bind ubiquitin polymers at DSBs for

 the recruitment of BRCAL (17, 45, 59). Therefore, ubiquiti-

nated H2AX could also ‘provide ‘a docking site for repair
proteins such as y-H2AX. '

In addition to the direct role of TIP60 in chromatin reorga-
nization, TIP60. plays other roles in cell cycle control and
apoptosis by acetylating MYC or ATM (41, 47, 54). Recently,
TIP60 was shown to acetylate p53 directly in the DNA damage
response and to regulate the transcriptional regulation of the
target genes of p53 (48, 50). Because DSBs facilitate the in-
teraction of TIP60 with UBC13, pS3 may also be polyubiquiti- .
nated by UBC13 during transcriptional regulation. It is also
possible that some other signaling molecules could be acety-.

- lated and polyubiquitinated by TIP60-UBC13 upon the forma-

tion of DSBs. If so, acetylation-dependent polyubiquitination
by TIP60-UBC13 in the DNA damage response may be re-
quired not only for the release of H2AX but also for transcrip-
tional regulation in cell proliferation, cell cycle control, or -
apoptosis. ’
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ABSTRACT

In eukaryotic cells, DNA replication is carried out by
coordinated actions of many proteins, including
DNA polymerase & (pol &), replication factor C
(RFC), proliferating cell nuclear antigen (PCNA) and
replication protein A. Here we describe dynamic
properties of these proteins in the elongation step
on a single-stranded M13 template, providing evi-
. dence that pol 5 has a distributive nature over the
7kb of the M13 template, repeating a frequent
dissociation-association cycle at growing 3'-hydro-
xyl ends. Some PCNA could remain at the primer
terminus during this cycle, while the remainder
slides out of the primer terminus or is unloaded
once pol § has dissociated. RFC remains around the
primer terminus through the elongation phase, and
could probably hold PCNA from which pol § has
detached, or reload PCNA from solution to restart
DNA synthesis. Furthermore, we suggest that a
subunit of pol §, POLDS3, plays a crucial role in the
efficient recycling of PCNA during dissociation-
association cycles of pol . Based on these obser-
vations, we propose a model for dynamic processes
in elongation complexes.

INTRODUCTION

In eukaryotic cells, DNA replication is carried out by
coordinated actions of many proteins. It has been
demonstrated that the elongation process can be recon-
stituted with distinct protein factors, DNA polymerase &
(pol &), replication factor C (RFC), proliferating cell
nuclear antigen (PCNA) and replication protein A (RPA)
(1-3). These replication factors, in addition to the
polymerase o-primase complex (pol o), are required
components of the in vitro simian virus 40 (SV40)
replication system (4). The pol & heterotetrameric com-
plex, consisting of 125, 66, 50 and 12kDa proteins (5),

is the major polymerase involved in chromosomal
replication in eukaryotic cells. RFC is composed of one
large subunit (145 kDa) and four smaller ones (40, 38, 37
and 36kDa) (6,7) and has DNA-dependent ATPase
activity, loading sliding clamp PCNA onto DNA. (6,8).
PCNA itself is a homotrimeric ring-shaped protein with a
molecular mass of 29kDa for each monomer, which
encircles double-stranded DNA (9,10). The likely role of
PCNA in pol & replication is in stabilizing the pol 3-DNA
interaction to maintain the processivity of the polymerase
(11-17). RPA is a heterotrimeric single-stranded (ss)
DNA-binding protein, consisting of 70, 32 and 14kDa
proteins, required for the initiation and elongation phases
of DNA replication (18).

The initiation phase of DNA replication with these
protein factors has been investigated intensively, and it has
been demonstrated that their actions are well coordinated
(19-26). An important process is the switch from pol o to
pol & (24), mediated by RFC (20,22,24,26).

After an elongation complex is once established,
concerted actions of these protein components could still
be required. However, the architecture and actions within
elongation complexes remain obscure. It is generally
believed that an elongation complex containing pol &
and PCNA, but not RFC, is somehow extremely stable
(27). However, we have. obtained surprising results,
revealing a markedly dynamic picture for elongation
complexes consisting of pol 8, PCNA and RFC. We
thus have evidence that pol & frequently repeats a
dissociation—association cycle at growing 3'-hydroxyl
ends. RFC appears to remain at the primer terminus
throughout the elongation phase, probably holding
PCNA from which pol 3 has detached, with the potential
to catalyze unloading of PCNA. Once pol & dissociates
from a growing 3'-hydroxyl end, a significant fraction of
PCNA may remain at the primer terminus through
interaction with RFC, while the remainder may be
unloaded by RFC or slide out of the primer terminus.
RFC persisting around primer termini then may reload
PCNA from solution to restart DNA synthesis.
In addition, characterization of the dynamic properties
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of the same protein factors with a subassembly of pol §
lacking the POLD3 subunit revealed a crucial function of
POLDS3 in the efficient recycling of PCNA.

MATERIALS AND METHODS
Plasmids

The expression plasmid for human PCNA was as
described earlier (28) and that for human RPA, plld-
tRPA (29), was a generous gift of Dr Marc S. Wold
(University of Iowa College of Medicine, lowa City,
Towa). Human cDNAs for pol 8 and RFC were amplified
from a HeLa cDNA library introducing a cutting site of
Ndel at the start codon. The expression plasmids are listed
in Supplementary Table 1, and details for their construc-
tion are described in the Supplementary Data.

Proteins

All proteins used in this study were overproduced in
Escherichia coli cells (Supplementary Table 1) and purified
by conventional column chromatography. During all
purification steps, induced proteins were monitored by
SDS-PAGE followed by staining with Coomassie
Brilliant Blue R-250 (CBB) or western blotting. Protein
concentrations were determined by Bio-Rad protein assay
using BSA (Bio-Rad) as the standard. The procedures are
described in the Supplementary Data.

Pol & holoenzyme assays on single-stranded (ss) mp18 DNA

DNA polymerase activity was measured with reference
to incorporation of [a-**P[dTMP. The standard
reaction mixture (25pl) contained 20mM HEPES-
NaOH (pH 7.5), 50mM NaCl, 0.2mg/ml BSA, |mM
"DTT, 10mM MgCl,, L mM ATP, 0.1 mM each of dGTP,
dATP, dCTP and [a-*?P]dTTP, 33 fmol (240 pmol for
nucleotides) of singly primed ss mpl8 DNA (the 36-mer
primer, CAGGGTTTTCCCAGTCACGACGTTGTA
AAACGACGG is complementary to 6330-6295nt) (30),
1.0pug (5.1 pmol) of RPA, 86ng (1.0 pmol as a trimer) of
PCNA, 75ng (260 fmol) of RFC and 90ng (380 fmol) of
pol 8. In the reactions with Hincll, 10 U of the enzyme
(Takara Bio Inc.) were introduced into the standard
reaction mixture. Reaction mixtures lacking pol & were
pre-incubated at 30°C for 1 min, then reactions were
started by addition of pol 3. After incubation at 30°C for
10min, reactions were terminated with 2ul of 300mM
EDTA, and the mixtures were immediately chilled on ice.
Five-microliter samples were spotted on DES81 paper
(Whatman), which was washed three times with 0.5M
Na;HPO,. The amount of incorporated [oc—32P]dTMP was
determined as the radioactivity retained on the paper (31).
For electrophoretic analysis of replication products, 3l
samples were mixed with 1ul of loading buffer (150 mM
NaOH/10mM EDTA/6% sucrose/0.1% bromophenol
blue), and electrophoresed on 0.7% alkaline-agarose gels
as described (32). To detect the products by Southern
blotting, the newly synthesized strands were hybridized
with a 5-*?P-labeled oligonucleotide (GCACCCCAGG
CTTTACACTTTATGCTTCCGGCTCGTATGTTGTG

Nucleic Acids Research, 2007, Vol. 35, No. 20 6905

TGGAATTGTGAGCGGATAACAATTTCACACAGG
AAACAGCTATGACCATGATTAC). For linearization
of ss mpl8 DNA before reactions, an oligonucleotide,
CAGGGTTTTCCCAGTCACGACGTTGTAAAACGAC
GGCCAGTGCCAAGCTTGCATGCCTGCAGGTCGA
CTCTAGAGGATCCCCGGGTACCGAGCTCGAATT,
was annealed to the template.

Isolation of PCNA on DNA bound to magnetic beads

The 5-biotinylated primer (CTCTCTCTCTCTCTCTCT
CTCAGGGTTTTCCCAGTCACGACGTTGTAAAAC
GACGG) was annealed to 33 finol ss mpl8 DNA,
immobilized onto a 15-pl suspension of streptavidin
magnetic beads, M280 (Dynabeads) in 20mM HEPES-
NaOH (pH 7.5), 50mM NaCl, 0.2mg/ml BSA, 1 mM
DTT by incubation at room temperature for 30 min and
chilled on ice. The buffer condition of the mixture was
adjusted to that of the pol & standard assay. For the
reaction with Hincll, 10U of the enzyme (Takara Bio
Inc.) were introduced into the standard reaction mixture.
Reaction mixtures lacking pol 8 were pre-incubated at
30°C for Imin, then pol & or buffer (as control) was
introduced into the reaction mixture. After incubation at
30°C for 10min, reactions were terminated with 2ul of
300mM EDTA, and then the mixtures were immediately
chilled on ice. Subsequent washes were carried out at 4°C
using a Dynal magnet with 40pl of wash buffer [20 mM
HEPES-NaOH (pH 7.5), 0.5M NaCl, 0.2mg/ml BSA,
ImM DTT, 1 mM EDTA] four times. The beads were
boiled in sample loading buffer and proteins were
separated on a SDS 4-20% gradient polyacrylamide gel,
blotted onto a nitrocellulose membrane, and probed with
an anti-PCNA antibody (Santa Cruz, sc-7907). Detection
was achieved with an ECL- chemiluminescence kit
(GE Healthcare Life Science). Different exposures of the
blot were photographed with a CCD . camera and
quantified.

RESULTS
Reconstitution of DNA synthesis

We initially tried to establish procedures to purify the
replication proteins (pol 8, RFC, PCNA and RPA), at

- quantities sufficient for detailed biochemical studies.

Because it has been shown that bacterial systems are
very powerful for large-scale production of PCNA and
RPA as complexes (24,28,29), we developed expression
systems for heterotetrameric pol 8 and heteropentameric
RFC in E. coli and the complexes were then purified by
conventional column chromatography (Figure 1A).

First, we measured activities of purified proteins on
singly primed ss mpl8 DNA. In this assay, all of the
protein components, RPA, PCNA and RFC, were found
to be required for maximum activity of pol § (Figure 1B)
(6,33.34). In the reaction for 10min, we detected a long
product, probably corresponding to the full-size mpl8
DNA (7.2kb) (Figure 1B), and the amount increased with
further incubation (Figure 1C). The size of the products
was heterogeneous, indicating several pausing sites.
Omitting PCNA or RFC from the reaction mixture
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Figure 1. Reconstitution of DNA replication with recombinant replication factors on singly primed ss mpl8 DNA. (A) SDS-PAGE analysis of
purified recombinant proteins. Pol 8 (2.4 pg), RFC (1.5ug), RPA (1.2 pg) and PCNA (0.8 pug) were loaded on a SDS 4-20% gradient polyacrylamide
gel and stained with CBB. (B) Requirement of replication factors for synthesis of singly primed ss mp18 DNA. Reactions were carried out for 10min
under the conditions described in the Materials and Methods section or omitting one replication factor. Products were analyzed by 0.7% alkaline-
agarose gel electrophoresis as described in the Materials and Methods section. Incorporation of ANMP was measured as described in the Materials
and Methods section. (C) Time course of the reaction of DNA synthesis. The reaction products were analyzed by the same procedures as for (B).

resulted in virtually no incorporation of dNMP
(Figure 1B). In the absence of RPA, heterogeneity in the
length of the products was emphasized (Figure 1B)
(6,34,35). Under the experimental conditions used, effi-
cient ANMP incorporation was observed within the first
5min, and then DNA synthesis continued at slower rates
(Figure 1C). These results indicated that the recombinant
proteins efficiently interacted with each other in the
holoenzyme assay.

Differential inodes of action of protein components on mp18
replication

Theoretically, proteins act during replication in two
distinct modes (32). Some proteins remain associated
continuously with the growing 3'-hydroxyl end (acting
processively), and others repeat a cycle of association and
dissociation (acting distributively). The distributive fac-
tors have to be reloaded many times from solution during
elongation, while the processive factors are loaded only
once at the initiation.

How each of the proteins acts during replication on ss
mpl8 DNA can be investigated (32) as described below.
If a protein acts distributively, then the product size is
expected to vary proportionally with the concentration of
the protein in the reaction mixture; the average size

of products should be shorter at lower concentrations of
the proteins because association of the protein to primer
termini would be random and all primer termini would be
utilized with the same efficiency (Figure 2A). On the other
hand, if a protein acts processively, limiting its concentra-
tion in solution would be expected to affect only the
frequency of the first assembly event (initiation), but not
the size of products (Figure 2B). If the association and
dissociation rates were much faster than other chemical
steps, the binding process would not be rate limiting, and
the incorporation rate of dNMP would not vary
(Figure 2A and B, right panels). In the following
experiments, we investigated the mode of action of
proteins by analyzing size distributions of products by
electrophoresis on agarose gels under denaturing
conditions.

First, the concentration of pol 8 was varied in the
presence of saturating amounts of the auxiliary proteins,
and the product size was analyzed by alkaline-agarose gel
electrophoresis (Figure 2C). The results showed that the
amount and length of the products increased as more pol 3
was added to the reaction mixture (Figure 2C), implying
that pol & frequently dissociated from the growing
3-hydroxyl end and reassociated randomly with free
3’-hydroxyl ends (34-36). The dissociation -might be
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Figure 2. Analysis of the modes of action of replication factors in ss mp18 DNA replication. (A and B) Expected results of titration of a distributive
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right panels represent graphs of quantified data for reaction products. See the text for details. (C-E) Titration of replication factors, pol  (C), RFC
(D) and PCNA (E). Reactions were carried out for 10 min under the conditions described in the Materials and Methods section except for variation
in the amounts of single protein factors. Reaction products were analyzed by 0.7% alkaline-agarose gel electrophoresis and the newly synthesized
DNA were visualized by the incorporated [0->PJdTMP (left panels). Incorporation of ANMP were measured as described in the Materials and
Methods’ section (right panels). Titration of pol & (C); Ong (lane 1), 8.1ng (lane 2), 16 ng (lane 3), 33 ng (lane 4), 65ng (lane 5), 130 ng (lane 6) and
260 ng (lane 7). Titration of RFC (D); Ong (lane 1), 3.1ng (lane 2), 6.3ng (lane 3), 13 ng (lane 4), 25ng (lane 5), 50ng (lane 6) and 75ng (lane 7).
Titration of PCNA (E); Ong (lane 1), 2.7ng (lane 2), 5.4 ng (lane 3), 11 ng (lane 4), 43ng (lanc 5), 86 ng (lane 6) and 129ng (lane 7). (F and G)
Titration of RFC (F) and PCNA (G) in the reactions using the 5'-3?P-labeled primer. The labeled primer was annealed to ss mpl8 DNA, and [a-**P]

dTTP was replaced with cold dTTP in the reaction mixtures. Amounts of proteins used in the titration were the same as for D and E.

caused by the secondary template structure (35).
Therefore, we conclude that pol 9 is not completely
processive in this assay system.

Next, we changed concentrations of RFC (Figure 2D).
The result was different from the case of pol 3. Essentially,
the concentration of RFC affected only the amount of
products, but not their size (Figure 2D) (6,37), although
increase of size at higher concentrations of RFC was
noted (Figure 2D, lanes 6 and 7). The processive nature of
RFC might be explained in two alternative ways. One is
that the sole role of RFC is loading of PCNA at the
initiation step (38). Once PCNA is loaded, due to stable
association with DNA, RFC may no longer be required.
1If so, even after dissociation of pol & from the growing
3'-hydroxyl end, once loaded PCNA may remain at the
primer terminus and assist reassociation of pol 3. The
other explanation is that once RFC binds to a primer end

and loads PCNA to DNA, it may travel with PCNA and
pol 5 (26,39,40). In the latter case, after dissociation of pol
8, RFC may continue to hold PCNA at the primer
terminus, and if the RFC unloaded PCNA (41-43) or if
PCNA slide out of the primer terminus (44), the remaining
RFC could reload PCNA quickly from solution.
Therefore, it seems to be a very critical question, how
the concentration of PCNA affects the size of the
products. If PCNA behaves as a processive factor, RFC
should be required only for the initiation step to load
PCNA. On the other hand, if PCNA behaves as a
distributive factor, then RFC would have to be traveling
with growing 3’-hydroxyl ends as a processive factor for
loading PCNA anytime during elongation.

Thus, we subsequently examined effects of varying
PCNA concentrations on the product size distribution.
When the concentrations of PCNA were low, sizes of the
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products became slightly decreased and smears <2kb
appeared (Figure 2E, lanes 2—4). However, large products
(4-5kb) were also detected, even at the lowest concentra-
tion of PCNA (Figure 2E, lane 2). In these assays, full-size
products are excessively represented by their greater
incorporation of radioactive nucleotides. To avoid this
problem, we used a 5'-*?P-labeled primer. Note that the
size distribution of the products in the PCNA titration,
different from that in RFC titration, was more clearly
visualized with a 5'-3’P-labeled primer than with incor-
poration of [a->*PJdTMP (Figure 2F and G). The results
revealed that the concentration of PCNA did not affect
the initiation step, because the amount of utilized primer
was not appreciably decreased with lower concentrations
of PCNA (Figure 2G). On the other hand, the initiation
was limited at a low concentration of RFC (Figure 2F),
suggesting inefficient turnover of RFC. We consider that
after dissociation of pol & from the growing 3'-hydroxyl
end, some PCNA does not remain at the primer terminus,
rather sliding out or being unloaded by RFC. In both
cases, another PCNA might be reloaded from solution.
Therefore, the results suggested that PCNA is partially
distributive in our assay system, and also suggested that
the processive nature of RFC is due to a stable association
at the primer terminus during elongation of DNA
replication. These issues were addressed intensively in
subsequent experiments.

DNA replication on linearized ss mp18 DNA

For further analysis of PCNA and RFC actions during
elongation, we examined the effects of linearization of
mpl8 DNA after initiation of DNA replication by
introduction of a restriction enzyme, Hincll, into reaction
mixtures (Figure 3). A unique cutting site of Hincll in the
template DNA is located 29-bases downstream from the
-3’-hydroxyl end of the primer. Soon after initiation of
DNA replication, the region should be converted to
double-stranded DNA and become cleavable by HincIl
(Figure 3A). In standard reaction mixtures, we introduced
10 U of Hincll that can digest more than 98% of double-
stranded mp18 DNA, for 15s. As shown in Figure 3B, the
sizes of all the products became uniformly much shorter in
the presence of Hincll and incorporation of dNMP was
decreased by half (Figure 3B), probably due to a defect in
elongation, rather than initiation, because the average size
of products was also reduced by almost a half (Figure 3B).
We considered that the decreased efficiency of DNA
synthesis was probably the consequence of dissociation of
PCNA, suggesting that some PCNA once assembled into
the elongation complex might not remain at primer
termini during elongation, and with a circular template,
the majority of detached PCNA slides back to be
reutilized.

The results shown in Figure 2 suggest that RFC remains
at growing 3'-hydroxyl ends and reloads PCNA from
solution during elongation. This implies that DNA
synthesis can be resumed again after PCNA is once
dissociated from the primer termini. If this were indeed the
case, the size of the products should increase in a time-
dependent manner. The results shown in Figure 3C

indicate that incorporation increased and the products
became longer depending on the incubation time, but with
a slower rate, suggesting reloading of PCNA from
solution. Because pausing likely promotes the dissociation
of pol 8 from PCNA (35), some PCNA also would
be released from the primer termini at pausing sites.
As expected these became more prominent, resulting in
a more heterogeneous size distribution of products
(Figure 3C).

Then, we further tested whether the concentration of
RFC could affect the size of products in the presence of
HinclII (Figure 3D). Again, only the amount, but not the
size distribution, was affected, although increase of the
size at higher concentrations of RFC was observed, as in
the reaction without HinclI (Figure 2D). In contrast, the
concentration of PCNA partially affected the size dis-
tribution of products (Figure 3E). The difference between
RFC and PCNA titration was not clear by visualization
with incorporation of the radioactive nucleotides.
However, the ¥-¥P-labeled primer, as shown in
Figure 2F and G, was unavailable because of the
restriction cutting. To solve the problem, newly synthe-
sized strands were visualized, instead, by Southern
hybridization with an oligonucleotide annealed to the
newly synthesized strand just downstream of the Hincll
site. Results confirmed the difference in size distributions
of the products between in the PCNA titration and RFC
titration (Figure 3F and G). Since some PCNA slides out
of the DNA (Figure 3B) and is reloaded from solution
many times by RFC to continue DNA synthesis
(Figure 3C), the size of the products would depend on
the concentration of RFC, if this acted distributively.
Therefore, our results again suggested that RFC acts
processively, binding in the initiation of DNA replication
and traveling with pol 3.

Inefficient elongation by spontaneous loading of PCNA
from template DNA ends

It is known that PCNA is spontaneously loaded from a
double-stranded end of template DNA in an RFC-
independent manner, and supports elongation with pol &
(44). Therefore, the restart reactions after dissociation of
PCNA observed in Figure 3C could be due to sponta-
neous loading of PCNA at the ends. To determine the
efficiency of RFC-independent restart, ss mpl8 DNA was
linearized first, then subjected to reactions in the absence
of RFC. In this assay, a primer covering HinclI site was
annealed to ss mpl8 DNA (Figure 4A). Hincll was
introduced in standard reaction mixtures, and then the
reactions were started by addition of pol & after pre-
incubation for 1 min (Figure 4A). The time course of the
reaction revealed the extension rate to be much slower
(Figure 4B) than that of RFC-dependent reactions
(Figure 3C) and the primer ends were hardly extended
beyond the pausing site around 4kb (Figure 4B). Next, we
examined effects of varying PCNA concentrations on the
size distribution of the products. The results demonstrated
that the length of the products is uniformly short at a
low concentration of PCNA (Figure 4C), suggesting
that PCNA once assembled with pol & is not stable
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Figure 3. Effects of linearization of newly synthesized DNA just after initiation of DNA replication. (A) Schematic representation of the
experimental design. A restriction enzyme, Hincll, was introduced into the reaction mixtures. A unique cutting site in the template DNA is located
29-bases downstream from the 3-hydroxyl end of the primer. After the region was converted to double-stranded DNA by initiation of DNA
synthesis, indicating assembly of clongation complexes, the DNA becomes cleavable by Hincll. (B) Effects of Hincll on synthesis of ss mpl8
DNA. (C) Time course of DNA synthesis in the presence of Hincll. (D and E) Titration of RFC (D) and PCNA (E) in the presence of HincIl.
Amounts of PCNA and RFC used in the titration were the same as used for Figure 2 (see legend of Figure 2). Autoradiograms of 0.7%
alkaline-agarose gels (left panels) in which the newly synthesized DNA was visualized by the incorporated [->*P}JdTMP, and incorporation of
dNMP were measured as described in the Materials and Methods section (right panels). Dotted lines represent results without Hincll of Figure 2B.
(F and G) Titration of RFC (F) and PCNA (G) in the presence of Hincll [x->P] dTTP was replaced with cold dTTP in the reaction mixtures
and the pewly synthesized strands were visualized by Southern blotting with a $-labeled oligonucleotide, which is complementary to
newly synthesized strand just downstream of HinclI site. Amounts of proteins used in the titration were the same as for (D) and (E). Reactions
in (B, D-G) were carried out for 10 min under the conditions described in the Materials and Methods section with addition of Hinell (10 U/25 pi of
reaction mixture). .
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Figure 4. Effect of PCNA loaded spontaneously at ends of template DNA. (A) Schematic representation of the experimental design. A primer that
covered Hincll site was annealed to ss mpl8 DNA. Hincll (10 U) was introduced into standard reaction mixtures (25ul) under the conditions
described in the Materials and Methods section except for omitting RFC. After pre-incubation for 1 min, reactions were started by addition of pol 8.
(B) Time course of DNA synthesis in the absence of RFC. (C) Titration of PCNA in the reactions without RFC. Amounts of PCNA used in the
titration were the same as for Figure 2 (see legend of Figure 2). Reactions were carried out for 10 min. Autoradiograms of 0.7% alkaline-agarose gels
in which the newly synthesized DNA were visualized by the incorporated [a->?PJdTMP, and incorporation of dNMP were measured as described in

the Materials and Methods section.

during elongation. These  results revealed differences
between RFC-dependent and -independent reactions,
indicating a requirement of RFC for efficient restart
after dissociation of PCNA on linearized DNA.

Effects of dilution of the elongation complexes

A different method of analysis was used to investigate the
action of protein factors. Here, after the replication
complex was assembled, the reaction mixture containing
the complexes was diluted in pre-warmed reaction
mixtures containing all the protein components at the

same concentration, except one component. As with the -

previously described method, if the protein in question
acts distributively, one would expect to observe a shift to
shorter products with diluted reaction mixtures (32).

As schematically shown in Figure 5A, the primer—
template DNA was mixed with saturating concentrations
of RPA, PCNA and RFC, and then 1 min later pol 6 was
added for formation of replication complexes. At 15s after
the initiation complex was presumably assembled, an
aliquot of the reaction mixture was diluted 10-fold either
into a pre-warmed reaction mixture containing all the
auxiliary proteins and pol 8, or into a similar one omitting
one or two of PCNA, RFC and pol 6 (Figure 5A). Then,
reactions were continued for further 10min, and the

products were analyzed by alkaline-agarose gel electro-
phoresis (Figure 5B). Dilution of either PCNA or pol 8
resulted in a decrease in the size of the products
(Figure 5B, lanes 2 and 4) as compared to the complete
case (Figure 5B, lane 1). This effect was more pronounced
when both PCNA and pol & were diluted together
(Figure 5B, lane 7); virtually no products were detected.
On the other hand, dilution of RFC exerted no influence
(compare lanes | and 3 in Figure 5B). Furthermore, when
both PCNA and RFC were diluted together, the size
distribution of products was almost identical to that with
dilution of PCNA alone (compare lanes 2 and 35 in
Figure 5B). These results indicated that PCNA and pol &
are supplied from solution, whereas RFC is not, during
the elongation. Furthermore, we noted that when both
RFC and pol & were diluted together, the product size was
decreased to a much greater extent than with dilution of
pol & alone (compare lanes 4 and 6 in Figure 5B). This
suggested that when reassociation of pol 8 is limited, RFC
is needed from solution. The importance of this observa-
tion is discussed below.

We also tested if adenosine (3-thiotriphosphate)
(ATPyS) affected elongation reactions. When ATP in the
dilution mixture was replaced with ATPyS, elongation
reactions were completely halted (Figure 5B, lane 9).
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Figure 5. Effects on size distribution after dilution of elongation
complexes. (A) Outline of the assay. At 15s after the reaction was
started by addition of pol & under standard reaction conditions
described in the Materials and methods section, 10-fold dilution was
performed with pre-warmed reaction mixtures without template but
containing all the protein components or omitting one or two of them.
Both reaction mixtures, before and after dilution, contained
[¢-*2P]dTTP. After a further 10min incubation, the reaction products
were analyzed by 0.7% alkaline-agarose gel electrophoresis. (B) An
autoradiogram of a 0.7% alkaline-agarose gel. The indicated proteins
were omitted in the dilution mixtures. In the reaction shown in lane 9,
1mM ATP in the dilution mixture was replaced with 2.5mM ATPvS.

This suggested that the ATPase activity of RFC is
required for the elongation phase of replication (24),
consistent with our assumption that RFC remains around
primer terminus, and holds, unloads and reloads PCNA.

Functions of the POLD3 subunit of pol 8

The role of the 66 kDa subunit, POLD3, of pol & in the
dynamic processes involved in elongation, and the
biochemical properties of subassembly (pol &%) lacking
the POLD3 subunit are of great interest. First, we
examined the efficiency of DNA synthesis of human pol
3* using purified proteins (Figure 6A). A comparison of
activities with equivalent amounts of pol 8" and pol &
demonstrated inefficiency of pol 8* under the standard
reaction conditions with singly primed ss mpl8 DNA
(Figure 6B), decrease and heterogeneity in length of the
products being observed with emphasized pausing sites
(Figure 6B and C). The shorter products were shifted to
longer ones at higher concentrations of pol 8" (Figure 6C),
as with pol & (Figure 2C). When the missing subunit,
POLD3, was introduced into the reaction with pol 8*, the
activity was restored to the level with pol & (Figure 6B),
indicating that the lower activity of pol 3" was due to the
missing function of POLD3 subunit, rather than dena-
turation of proteins caused by incomplete assembly.
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The evidence presented here is consistent with reports
for yeast counterparts (30,45) and human pol 3 (36,46).

Next, we tested whether variation in the concentrations
of RFC and PCNA might affect the size of products in
reactions with pol 8*. RFC was without influence, again
suggesting stable association (Figure 6D). In contrast, the
size of products varied with the concentration of PCNA
(Figure 6E), in line with a requirement for a continuous
supply of PCNA from solution for efficient DNA
synthesis. Notably, with low concentrations of PCNA,
all the products were uniformly small in reactions with pol
5*, exhibiting an entirely distributive nature. Furthermore,
we tested the effect of linearization on mpl8 DNA after
initiation of DNA replication by addition of Hincll
(Figure 6F). DNA synthesis with pol 3* was very sensitive
to linearization of DNA, and increasing concentrations of
PCNA slightly restored the defect (Figure 6F). However,
the majority of intermediates on elongation could not
overcome the first pausing site (around 0.6-1kb), even at
the highest concentration of PCNA (Figure 6F). These
results suggested frequent dissociation of PCNA during
elongation with pol 8*.

Amounts of PCNA loaded on mp18 DNA during elongation

Since an excess PCNA was required for efficient DNA
synthesis with pol §* (Figure 6E), we considered whether
PCNA might accumulate on DNA during elongation. If
so, the frequency of sliding back to the primer terminus
would increase and an increase in the local concentration
of PCNA would help interactions with pol 8" at the primer |
terminus. To measure the amount of PCNA loaded on
DNA directly, a primer containing an extended 5’ tail with
one biotin molecule was annealed to ss mpl8 DNA
(Figure 7A). The primed ss mp18 DNA was then attached
to magnetic beads and DNA replication reactions were
carried out under standard reaction conditions
(Figure 7A). The 5 tail did not exert any influence on
DNA synthesis (data not shown). In the reactions, 33 ng
of pol & and 140ng of pol 8" were used since these
amounts lead to equivalent efficiency of DNA synthesis
(~40pmol of the incorporation of dNMP) and to the
same size distribution of products (compare lane 3 of
Figure 2C with lane 7 of Figure 6C). After reactions for
10 min, PCNA bound to beads was detected by western
analysis (Figure 7B). In this assay, non-specific association
of PCNA with beads or DNA was detected (Figure 7B,
lane 2). When REC was introduced into the reaction, an
increase of binding of PCNA was observed. The increased
amount of PCNA (difference between lanes 2 and 3 in
Figure 7B) was 40 fmol, which was equivalent to that of
primer template (33 fmo)), suggesting specific loading to
the primer terminus. Introduction of pol 3 increased the
amount of PCNA only slightly (Figure 7B, lane 4). The
majority of PCNA was dissociated by introduction of
Hincll with a decreasing signal to background level
(Figure 7B, lane 5), again indicating specific loading
on the DNA. When pol & was used instead of pol 3,
excessive accumulation of PCNA was unexpectedly not
observed (Figure 7B, lane 6), suggesting that we cannot
attribute the entire distributive nature of PCNA on the



