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ABSTRACT

An important biochemical hallmark of apoptosis is the cleavage of
chromatin into oligonucleosomal fragments. Here, we purified a Mg2+-

dependcnt endonuclease from etoposide-treated HL-60 cells undergoing
apoptosis. High levels of Mg^-dependent endonuclease activity were

detected in etoposide-treated HL-60 cells, and this activity increased in a
time-dependent manner following etoposide treatment. Such an activity

could not be detected in untreated cells or in cells treated with etoposide
in the presence of the caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp-
(OMe)-fluoromethyl ketone (zVAD-fmk) or the serine protease inhibitor
tosyl-l -phenylalanine chloromethyl ketone (TPCK). This Mg2+-depend-

ent endonuclease was purified by a series of Chromatographie procedures.
The enzyme preparation showed a single major protein band with U,
34,000, determined by SDS-PAGE. The presence of the Mr 34,000 Mg2*-

dependent endonuclease was also confirmed by activity gel analysis. The
enzyme required only Mg2+ for full activity. pH optimum was in the range

of 6.5-7.5. This enzyme introduced single- and double-strand breaks into

SV40 DNA and produced internucleosomal DNA cleavage in isolated
nuclei from untreated cells. The DNA breaks were terminated with .V-OII.

consistent with characteristic products of apoptotic chromatin fragmen
tation. We propose to designate this U, 34,000 Mg2+-dependent endonu

clease AN34 (apoptotic nuclease !/, 34,000).

INTRODUCTION

Apoptosis is an active, energy-dependent process of cellular self-

destruction that generally involves fragmentation of genomic DNA
into integer multiples of 180-200-bp units by the activation of endo-
nuclease(s) (1-3). Apoptosis is morphologically characterized by

early cell shrinkage, chromatin condensation, nuclear fragmentation,
cell surface blebbing. and apoptotic bodies (4). Although digestion of
nuclear DNA into a nucleosomal ladder is an important biochemical
hallmark of apoptosis (1, 3), it is unclear which enzyme(s) are acti
vated in this process. Several attempts have been made to characterize
the nucleases that are responsible for the DNA fragmentation in
apoptosis. For instance. DNase I (5) and Nuc 18 (6) have been
reported to be associated with the apoptotic DNA cleavage. An acidic
endonuclease, DNase II (7), has also been proposed to be involved, as
have several Ca2+/Mg2"l"-dependent endonucleases (8-11). An in

crease of intracellular Ca2+ during thymocytes apoptosis has been
thought to trigger the activation of Ca2+/Mg2+-dependent endonucle-

ase(s) (12, 13). However, in the case of HL-60 cells, an increase of
intracellular Ca2+ concentrations is not observed prior to DNA frag

mentation induced by various stimuli including etoposide (14, 15). In
addition, recent studies using cell-free systems indicated that activated
caspase-3 can induce nucleosomal DNA ladder in isolated nuclei
under Mg2 +-dependent, Ca2+-free conditions in the presence of cy-
tosolic fractions (16-19), suggesting a role for Mg2+-dependent en-

donuclease(s) (20). Despite the rapid progress in elucidating the
apoptotic signaling cascade and the key role of caspases (21, 22), the
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nature and mechanisms of activation of apoptotic endonuclease(s)
remain unclear.

Human myelogenous leukemia HL-60 cells are very sensitive to

apoptosis upon various apoptotic stimuli, including topoisomera.se
inhibitors such as camptothecin and etoposide (23-25). Previous

experiments demonstrated that new protein synthesis is probably not
required for apoptotic endonuclease activation in HL-60 cells (23, 26,

27). However, there has been no report of which nuclease(s) are
actually activated during apoptosis in HL-60 cells.

Here, we characterized a Mg2+-dependent endonuclease activity in

cell lysates prepared from etoposide-treated HL-60 cells undergoing
apoptosis. A 5400-fold purification of the Mg2+-dependent endonu

clease activity was achieved by a series of chromatographies. The
final enzyme preparation showed a single major protein band with Mr
34,000 determined by SDS-PAGE. Activity gel analysis also showed
a M, 34,000 Mg2+-dependent endonuclease. The enzyme required
only Mg2+ for full activity and produced internucleosomal DNA
cleavage in isolated nuclei. We designated this Mr 34,000 Mg2+-

dependent endonuclease AN34 (apoptotic nuclease A/r 34,000). To
our knowledge, this is the first purification of an apoptotic endonu
clease from human cells. We propose that AN34 plays a critical role
in the induction of internucleosomal DNA fragmentation during
HL-60 apoptosis.

MATERIALS AND METHODS

Materials. Etoposide was obtained from the Synthesis and Chemistry
Branch. Division of Cancer Treatment, National Cancer Institute (Bethesda,
MD). iV-Ethylmaleimide. G-actin. DNase I, and TPCK2 were obtained from

Sigma Chemical Co. (St. Louis, MO). zVAD-fmk was purchased from En

zyme Systems Products (Livermore, CA). Fetal bovine serum was obtained
from Life Technologies, Inc. (Grand Island, NY). 3H-labeled Escherichia coli
DNA (2.2 Ci/mg), [-y-12P]ATP, and [a-12P]dCTP were purchased from DuPont

NEN Research Products (Boston. MA). Hitrap-Q. Hitrap-Heparine. Mono S

HR 5/5. and SuperÃ³se 12 HR 10/30 columns were obtained from Pharmacia
Biotech (Piscataway, NJ). Precast 4-20% gradient polyacrylamide gels were

purchased from Novex (San Diego, CA). Centriprep and Microcon concentra
tors were obtained from Amicon (Beverly, MA).

Cell Culture and Drug Treatment. HL-60 human myelogenous leukemia

cells were obtained from Dr. Theodore Breitman (Division of Basic Sciences,
National Cancer Institute, Bethesda, MD). HL-60 cells were grown at 37Â°Cin

RPMI 1640 containing 10% heat-inactivated fetal bovine serum in an atmo
sphere containing 5% CO2. Exponentially growing HL-60 cells were exposed

to drugs for the indicated time periods.
Preparation of Cell Lysates. Cell lysates were prepared by washing cells

three times in ice-cold PBS (without Ca2+ and Mg2 +) and then incubating the

cells for 30 min on ice at a density of 1 X 10*/ml in buffer A [50 mM Tris-HCl

(pH 7.0), 5 mM MgCU, 1 mM DTT. and 1 mM phenylmethylsulfonyl fluoride]
containing 0.25% Triton X-100. Lysates were centrifuged at 14.000 X g for 15
min at 4Â°C.and supernatants were collected as crude cell lysates.

Measurement of Endonuclease Activity. Endonuclease activity was
measured by the formation of acid-soluble DNA fragments. Endonuclease
assays were carried out using 'H-labeled E. coli DNA as substrate. Incubations
were carried out at 37Â°Cfor 60 min in 60 fil of 50 mw Tris-HCl buffer (pH 7.0)

" The abbreviations used are: TPCK, tosyl-L-phenylalaninc chloromethyl ketone:

zVAD-fmk. benzyloxycarbonyl-Val-Ala-Asp-(OMe)-fluoromethyl ketone; TdT. terminal
deoxynucleotidyltransferase; CAD, caspase-activated DNase.
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containing 1 HIMDTT, 50 ng of 3H-labeled E. coli DNA (l X IO5 dpm) in thÃ¨
presence of divalent cations at the following concentrations: (a) for Mg2+-
dependent conditions. 5 mM MgCl,-3 mM EGTA; (b) for Ca2+/Mg2+-depend-
ent conditions, 1 mM CaCl2-5 mM MgCl2; and (c) for Ca2+/Mg2+-independent

conditions, 3 mM EGTA-5 mM EDTA. Incubations were terminated by the
addition of an equal volume of ice-cold 1 M perchloric acid (PCA): l M NaCl

and rapid chilling on ice. Samples were incubated on ice for 30 min, and
supernatants were subsequently collected by centrifugation (3000 X g for 15
min). Radioactivity was measured with a liquid scintillation counter. Nuclease
activity was determined from the percentage of acid-soluble 'H-labeled E. coli

DNA released in the supernatant (percentage DNA fragmentation). One unit of
the endonuclease activity was defined as inducing 20% DNA fragmentation.

Endonuclease Purification. All Chromatographie separations were per
formed at 4Â°C.All chromatography steps were carried out using fast protein

liquid chromatography systems (Pharmacia Biotech). Cell lysates prepared
from etoposide-treated HL-60 cells (50 Â¡LMfor 5 h) described above were
passed over Q-Sepharose column (Hitrap-Q, 10 ml), equilibrated with buffer
A. The column was washed with 50 ml of buffer A, and portions of flow-

through fraction and wash fractions were collected (strong nuclease activity
was found mainly in the wash fractions). Active fractions were concentrated by
Centriprep 10 and applied to a Heparine-Sepharose column (Hitrap-Heparine,

5 ml), equilibrated with buffer A containing 0.2 M KC1. The column was
washed with buffer A containing 0.2 M KC1 and then eluted with a linear
gradient of 0.2-0.6 M KC1 in buffer A. Nuclease was eluted around 0.3 M KC1.

The active fractions were concentrated by Centriprep 10 and Microcon 10 and
applied to a SuperÃ³se 12 HR10/30 gel filtration column equilibrated with
buffer A containing 0.1 M KC1. Active fractions were pooled and loaded onto
a Mono S HR5/5 column equilibrated with buffer A containing 0.1 M KC1. The
column was washed with buffer A containing 0.1 M KCI and then eluted with
a linear gradient of 0.1-0.5 M KCI in buffer A. Endonuclease activity was

eluted with 0.2 M KC1.
Activity Gel Analysis (SDS-PAGE-DNA). For the identification of nu

clease activity, the activity gel system (zymography) was performed by the
method of Rauch et al. (28) with several modifications. The purified protein
was electrophoresed in 10% SDS polyacrylamide gels containing 100 fig/ml
native salmon sperm DNA at 4Â°C.After electrophoresis, gels were washed five
times in 50 mM Tris-HCl (pH 7.0) containing 1 mM DTT at 4Â°Cto remove
SDS. After soaking in 50 mM Tris-HCl (pH 7.0)-1 mM DTT at 4Â°Covernight

to allow renaturation of proteins, the gels were incubated in 50 mM Tris-HCl
(pH 7.0) containing the 5 mM MgCl2 and 1 mM DTT at 37Â°C.After 24 h, the

gels were stained with ethidium bromide for 60 min. Nuclease activities were
detected as dark areas on a fluorescent background after transillumination of
the gels with UV light.

Determination of Endonuclease Activity by Cleavage of SV40 DNA.
SV40 DNA (Life Technologies Ine, Gaithersburg, MD) was used as a substrate
to characterize the endonuclease activity. The assay mixtures contained 50 mM
Tris-HCl (pH 7.0), 5 mM MgCI2. 1 mM DTT, SV40 DNA (0.3 /ig), and purified
protein. Reaction mixtures were incubated at 37Â°Cfor the indicated times.

Reactions were stopped by adding EDTA (10 mM) and proteinase K (100
fig/ml), followed by incubation at 37Â°Cfor 15 min. DNA was extracted by

phenol, chloroform, and isoamyl alcohol solution. DNA samples were sepa
rated on 1.0% agarose gels electrophoresis. Gels were stained with ethidium.

In Vitro Chromatin Digestion Assay. HL-60 cells were washed twice

with cold PBS and pelleted by centrifugation at 800 x g for 5 min. Nuclei were
isolated after incubation in STKM buffer [0.25 M sucrose. 50 mM Tris-HCl (pH
7.0), 25 mM KCI, and 5 mM MgCl2] containing 0.25% Triton X-100. Nuclei

were pelleted by centrifugation at 800 X g for 5 min. Sedimented nuclei were
washed once by STKM buffer. Nuclei (7 X IO6) were resuspended in STKM

buffer and mixed with purified endonuclease (30 units) in the presence of 1 mM
DTT. Reaction mixtures were incubated at 37Â°C for the indicated times.

Reactions were stopped by adding SDS to 1%, EDTA to 10 mM, and proteinase
K to 100 fig/ml. Samples were incubated at 37Â°Cfor 12 h for complete lysis.

DNA was extracted by standard phenol, chloroform, and isoamyl alcohol
extraction procedures, as described previously (29) and treated with 100 /ng/ml
RNase A at 37Â°Cfor 30 min. DNA samples were separated by 1.3% agarose

gel electrophoresis. Gels were stained with ethidium bromide.
3'-Terminal End Analysis. SV40 DNA was treated with purified nuclease

at 37Â°Cfor 60 min. Reactions were terminated by the addition of EDTA (10

mM). Aliquots were taken to determine the extent of DNA cleavage by 1.0%

agarose gel electrophoresis. TdT (Life Technologies, Inc., Gaithersburg, MD)
and [a-'2P)dCTP were added and incubated for 30 min at 37Â°Cto label 3'-OH

termini of DNA. The reaction mixture was applied to a Sephadex G-50

(Boehringer Mannheim, Indianapolis, IN) column. Labeled DNA was then
electrophoresed through a 1% agarose gel. The gel was dried and imaging was
performed using a Phosphorlmager (Molecular Dynamics. Sunnyvale, CA).

DNA Sequencing Gel Electrophoresis and Analysis of DNA Cleavage
Products. SV40 DNA was incubated with Banl (Boehringer Mannheim.
Indianapolis. IN) according to the manufacturer's instruction. The linearized
SV40 DNA was labeled at the 5' end with [y-':P] ATP by T4 polynucleotide

kinase (Life Technologies, Inc. Gaithersburg, MD) following treatment with
shrimp alkaline phosphatase (United States Biochemical, Cleveland, OH).
Unincorporated 32P was removed by Sephadex G-50 column. Then. DNA was

treated with purified nuclease or DNase I in 50 mM Tris-HCl (pH 7.0), 5 mM
MgCU. and 1 mM DTT at 37Â°Cfor the indicated times. The reaction was

terminated by the addition of EDTA. DNA was collected by ethanol precipi
tation. Then, Maxam-Gilbert loading solutions (80% formamide. 10 mM

NaOH, 0.01 M EDTA, 1 mg/ml xylene cyanol, and 1 mg/ml bromphenol blue)
were added. Samples were applied to 7% denaturing polyacrylamide gels (7 M
urea). The gel was dried, and imaging was performed using a Phosphorlmager
(Molecular Dynamics).

Other Methods. Determination of protein concentrations was done by a
Bio-Rad protein assay kit (Bio-Rad, Hercules, CA). Silver staining was per
formed using silver stain plus kit (Bio-Rad, Hercules, CA).

RESULTS

Activation of Mg2+-dependent Nuclease in HL-60 Cells follow
ing Etoposide Treatment. Using 3H-labeled E. coli DNA as a sub

strate, we examined the nuclease activities in the cell lysates from
HL-60 cells. In etoposide-treated cells, high levels of nuclease activity
were detected in cell lysates in the presence of Mg2+ (Fig. IA). This
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Fig. 1. Effect of etoposide Irealment on endonuclease activities in HL-60 cells. A, cell
lysates from HL-60 cells that had been untreated (control) or previously treated with 50
u,M etoposide for 5 h were incubated with 'H-labeled E. coli DNA to measure DNA
fragmentation. The Mg2* and Ca2* concentrations were 5 and I mM. respectively. B, time
course of activation of the Mg2*-dependent endonuclease in HL-60 cells following

etoposide (50 Â¡IM)treatment. Columns and dala points, mean values from three separate
experiments; bars. SD.
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ETOPOSIDE Â»TPCK

ETOPOSIDE+ Z-VAD-FMK
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Fig. 2. The serine protease inhibitor TPCK and the caspase inhibitor zVAD-fmk
prevent activation of Ihe Mg2+-dependent endonuclease in HL-60 cells treated with

etoposide. Cell lysates were prepared from untreated cells (control) or cells previously
treated with 50 JIMetoposide for 5 h in the absence or presence of 50 /AMTPCK or 50 Â¿XM
zVAD-fmk. TPCK or zVAD-fmk was added 15 min prior to etoposide administration.
DNA fragmentation was measured using 'H-labeled E. coli DNA as a substrate in

reactions containing 5 ITIMMgCl, and 3 mw EGTA. Columns, mean values from three
separate experiments; bars, SD.

Table 1 Purification of ANÃŒ4from etoposide-treated HL-60 cells

CelllysateQ-ScpharoseHeparine-SepharoseSuperÃ³se

12Mono
SProtein

amount
(mg)102.52.70.0730.0120.0011Specific

activity"

(units/mg)36.1758.116,678.248,915.5195,662.0Totalactivity03,700.22,046.91,217.5587.0215.2Purification(fold)1214621,3555,420

" One unit of activity was defined as the amount of protein that induces 20% DNA

fragmentation.

nuclease activity was not enhanced further by the addition of Ca2+

(Fig. \A) and was not detectable in the presence of 5 mM EDTA (data
not shown). Activation of this Mg2+-dependent nuclease activity was

time-dependent following etoposide treatment (Fig. IÃŸ).Its appear

ance was well correlated with the kinetics of DNA fragmentation of
etoposide-treated HL-60 cells in vivo, as reported previously (23).

It has been reported that the caspase inhibitor zVAD-fmk and the
serine protease inhibitor TPCK can inhibit apoptosis (30-35). There
fore, we assessed the possibility that zVAD-fmk or TPCK may inhibit
the appearance of the Mg2+-dependent endonuclease activity in eto

poside-treated HL-60 cells. As shown in Fig. 2, zVAD-fmk and TPCK
prevented activation of the apoptotic Mg2+-dependent endonuclease

activity.
Endonuclease Purification. We purified the Mg2+-dependent en

donuclease in four steps (Table 1). The results of the last step of
purification using a Mono S column are shown in Fig. 3. The nuclease
activity eluted at 0.2 MKC1 (fraction 21) and corresponded to a single
major band with Mr 34,000 on silver-stained SDS-PAGE (4-20%

gradient). The molecular weight of this protein was confirmed by 10%
acrylamide gels (data not shown). Fraction 21 was applied on a
SuperÃ³se 12 gel filtration column. The resulting nuclease activity
eluted as a single M, 34,000 peak, suggesting that the enzyme is a
monomeric (data not shown). Using activity gels (SDS-PAGE con

taining DNA stained with ethidium bromide), we found that the active
fractions appeared as a single Mt 34,000 band (Fig. 4). The M, 34,000
post-Mono S fraction (fraction 21) from etoposide-treated cells was

used for further biochemical characterization and will be referred to a
AN34 (apoptotic nuclease A/r 34,000).

Biochemical Requirements of AN34. We first investigated the
cation requirements AN34. As shown in Fig. 5-4, AN34 activity
required magnesium. The optimum concentration of MgCl2 was be
tween 1 and 5 mM. In the presence of 5 mM MgO2, calcium ion

inhibited the endonuclease activity in a dose-dependent manner (Fig.

5B). We also examined the effect of zinc ion, because zinc is a
well-known inhibitor of apoptotic endonuclease activity (6, 8, 10, 11).

Three mM zinc ion completely abolished the nuclease activity of
AN34 (Table 2). AN34 activity was also inhibited by KC1 with 50%
inhibition at -80 mM KC1 (Fig. 5Q.

The optimal pH range for the nuclease activity of AN34 was
between pH 6.5 and 7.5. AN34 was inactive below pH 5.5 (Fig. 6).

A 19 20 21 22 23 24

(kDa)

97.4-

66

45

31

21.2

14.4

-34 kDa

B
=100

19 ' 20 ' 21 ' 22 ' 23

FRACTION NUMBER
Fig. 3. Purification of AN34 after Mono S column chromatography. A, silver staining

of a typical SDS-polyacrylamide gel (4-20% gradient). Lanes 19-24, fractions 19-24.
Left, migration of molecular mass markers (in kDa). B. Mg2 +-dependent endonuclease

activity of each fraction. Horizontal axis, fraction numbers.

(kDa)

97-

66-

46-

31

21
Fig. 4. Detection of the endonuclease by activity gel analysis (SDS-PAGE-DNA).

Active fraction after Heparine-Sepharose column chromatography was subjected to 10%
SDS-polyacrylamide gels copolymerized with salmon sperm DNA, as described in "Ma
terials and Methods." Left, migration of molecular mass markers (in kDa).
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B
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Fig. 5. Effect of divalent cations and KCI on the AN34 endonuclease activity. A, the
concentration of MgCl2 was varied. B, the concentration of CaCl2 was varied in the
presence of 5 mM MgCl2. C, the concentration of KCI was varied in the presence of 5 mM
MgCl2. Endonuclease activity was measured using 3H-labeled E. coli DNA as substrate.

Data points, mean values from three separate experiments.

Table 2 Effect of zinc ion on AN34"

Dose of zinc
(HIM)1

3%

inhibition10

Â±4.1
99 Â±1.0

a Endonuclease activity was measured using "H-labeled E. coli DNA as substrate.

Results are mean values Â±SD from three separate experiments.

100

Fig. 6. Effect of pH on the AN34 endonuclease activity. D, 20 mM 4-morpholine
ethanesulfonic acid (MES) buffer (pH 5.0-6.5); â€¢ 20 mM Tris buffer (pH 6.5-8.5).
Endonuclease activity was measured using 3H-labeled E. coli DNA as substrate in the

presence of 5 mM MgCl2. Data points, mean values from three separate experiments.

Effects of W-Ethylmaleimide and G-Actin on AN34. The effects
of A/-ethylmaleimide, a sulfhydryl-blocking reagent, and G-actin, a

specific inhibitor of DNase I (36), on the activity of AN34 were
examined. As shown in Fig. 7A, AN34 was strongly inhibited by a
A'-ethylmaleimide, whereas DNase I was insensitive. On the other

hand, G-actin inhibited DNase I but had no effect on AN34 (Fig. IB).

These data demonstrate that AN34 differs from DNase I.
AN34 Produces Double- and Single-Strand Breaks in Purified

SV40 DNA. Using supercoiled SV40 DNA as a substrate, we char
acterized the mode of DNA cleavage of AN34. Native supercoiled
SV40 DNA was rapidly converted to open circular DNA (as a result
of DNA single-strand breaks) and linearized DNA (as a result of DNA
double-strand breaks) within 15 min of incubation with AN34 (Fig. 8,
Lane 2). These results indicate that AN34 acts on double-strand DNA

.100-Â«

0.01
N-ethylmaleimide (mM)

B 100

10
G-actin (M-g/ml)

100

Fig. 7. Differential effect of W-ethylmaleimide (A) and G-actin (B) on the endonuclease
activity of AN34 and DNase I. 3H-labeled E. coli DNA was incubated with DNase I (â€¢)
or AN34 (â€¢)at 37Â°Cfor 60 min in 50 mM Tris-HCl (pH 7.0) and 5 mM MgCl2 in the

presence of various concentrations of /V-ethylmaleimide or G-actin. Data points, mean

values from three separate experiments.

12345

^â€¢NickedDNA
â€”Linearized DNA

â€”Supercoiled DNA

Fig. 8. Cleavage of SV40 DNA by AN34. SV40 DNA (0.3 /Â¿g)was incubated with
purified AN34 (5 units) at 37Â°Cfor 15, 30, 45, or 60 min (Lanes 2-5, respectively) in 50

mM Tris-HCl (pH 7.0), 5 mM MgCl2, and 1 mM DTT. Lane 1, untreated SV40 DNA. DNA
was electrophoresed in 1.0% agarose gel. After electrophoresis, the gels were stained with
ethidium bromide and photographed.
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^Nicked DMA

Linearized DMA

Supercoiled DMA

B

-Nicked DMA
-Linearized DMA

Fig. 9. AN34 produces .V-OH DNA termini. After incubation with either no protein
(Lime 1) or purified AN34 (5 units; Lane 2) at 37Â°Cfor 60 min, SV40 DNA was labeled
with TdT and |or-'t2P|dCTP. A, ethidium bromide staining of a 1% agarose gel. B, the same

gel was dried and imaging was performed using a Phosphorlmager (Molecular Dynamics.
Sunnyvale, CA).

endonucleolytically and that it can induce both single- and double-

strand breaks.
AN34 Produces 3'-OH Termini. The structure of the DNA 3'-

termini produced by AN34 was examined because apoptotic DNA
fragmentation is associated with the formation of 3'-OH DNA termini

(37). We used an approach based on the ability of TdT to attach free
nucleotides to 3'-OH termini of DNA. SV40 DNA was incubated with

AN34, and the cleaved products were incubated with TdT and
[a-32P]dCTP. As shown in Fig. 9B (Lane 1), very little 32P-labeling
was observed in control samples. By contrast, 32P-labeling was

strongly increased in DNA samples digested with AN34 (Fig. 9B,
Lane 2). These results indicate that AN34 produces 3'-OH termini,

which is characteristic of apoptotic DNA fragmentation.
AN34 Induces Internucleosomal DNA Fragmentation in Iso

lated Nuclei. To examine the effect of the purified AN34 on intact
chromatin, nuclei isolated from untreated HL-60 cells were used as
substrate. Incubation of such nuclei with AN34 resulted in internu-

cleosomal DNA fragmentation characteristic of apoptosis (Fig. 10,
Lane 3). Addition of 5 niM EDTA to the reaction mixture abrogated
the internucleosomal DNA fragmentation (Fig. 10, Lane 4). Using
isolated nuclei, we also examined the effect of A'-ethylmaleimide and
zinc ion on the activity of AN34 because both A'-ethylmaleimide and
zinc ion strongly inhibited the activity of AN34 to hydrolyze 3H-
labeled E. coli DNA, as showed in Fig. 7. Both zinc ion and A'-

ethylmaleimide completely inhibited the production of internucleoso
mal DNA cleavage in isolated nuclei by AN34 (Fig. 10, Lanes 5 and
6, respectively).

Differences in SV40 DNA Cleavage Patterns between AN34 and
DNase I. Further comparative studies were performed to clarify the
differences between AN34 and DNase I. Using linearized SV40 DNA,

we analyzed the DNA fragments produced by AN34 and DNase I.
Sequencing gels revealed that the overall DNA cleavage patterns were
different between AN34 and DNase I (data not shown).

DISCUSSION

Here, we purified a Mr 34,000 Mg2+-dependent endonuclease

(AN34) to homogeneity from apoptotic HL-60 cells treated with

etoposide using a series of Chromatographie procedures. The presence
of AN34 in apoptotic cell extracts was also confirmed by activity gel
assay (SDS-PAGE containing DNA). The correlation between the
Mg2+-dependent endonuclease activity and apoptosis (i.e., similar

kinetics of induction and responses to inhibitors of apoptosis)
prompted us to purify this endonuclease.

Biochemical characterization revealed that AN34 requires Mg2+
but not Ca2+ for activity. pH optima were in the range of pH 6.5-7.5.

AN34 introduced double- and single-strand breaks into SV40 DNA

and produced internucleosomal DNA cleavage in isolated nuclei from
untreated cells, demonstrating DNA cleavage that is characteristic of
apoptotic chromatin fragmentation. An important finding is the pro
duction of 3'-OH termini by AN34 because it has been established
that 5'-phosphate and 3'-OH DNA terminals are produced during

apoptosis (37). Indeed, TdT-mediated dUTP-biotin nick end-labeling

(TÃšNEL), a method commonly used to detect apoptotic cells (37), is
based on the presence of 3'-OH termini in apoptotic cells. Another

characteristic feature of AN34 is that DNA single-strand breaks are
produced predominantly rather than double-strand breaks. Peitsch et
al. (38) and Walker et al. (39) found that numerous single-strand

breaks were generated in internucleosomal DNA regions during ap
optosis. They proposed that DNA single-strand breaks accumulate in
the linker regions between nucleosomes, eventually causing double-

strand scissions which release oligonucleosomes. Thus, induction of
single-strand DNA breaks by AN34 is consistent with these findings.

We also observed that AN34 was inhibited by KC1 at physiologi
cally relevant concentrations. The normal intracellular concentration
of K+ is ~140 mM. Although this concentration can inhibit AN34,

Bortner et al. (40) and Hughes et al. (41) recently reported that

123456

1000 bpâ€”

600 bp â€”

200 bp â€”

Fig. 10. AN34 induces internucleosomal DNA cleavage in isolated HL-60 nuclei.
Nuclei were isolated from untreated HL-60 cells and incubated with purified AN34 at
37Â°Cfor 1 (Lane 2) or 2 h (Lane 3) in STKM buffer. Lane 1. nuclei were incubated in

STKM buffer without purified enzyme for 2 h. Nuclei were also incubated with purified
AN34 at 37Â°Cfor 2 h in the presence of 5 mM EDTA (Lane 4). 3 mM ZnCI2 (Lane 5), or

100 /AMA'-ethylmaleimide (Lane Ã³).DNA was extracted and separated in 1.3% agarose
gels. Left. 100-bp DNA ladder as a marker.

2580

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/12/2576/2861778/cr0580122576.pdf by guest on 19 M

ay 2023



AN34 KNDOMCI.I.ASE DURINO APOPTOSIS IN HL-60 CELLS

intracellular K+ decreases substantially during apoptosis. They also

showed that apoptosis is enhanced under conditions in which the
intracellular K+ concentration is diminished and that apoptosis is
inhibited when K+ efflux is prevented (40). Therefore, these facts

suggest that AN34 can act during apoptosis and that the intracellular
K+ concentration can suppress the activity of AN34 in normal cells.

Biochemical characterization of AN34 suggests that this enzyme is
different from DNase I and DNase II. DNase I has been suggested to
be involved in apoptosis of rat thymocytes (9) and rat prostate epi
thelial cells (28). However, there are several significant differences
between AN34 and DNase I. (a) DNase I is activated by calcium ion
(42), whereas AN34 is inhibited by calcium ion. Such an inhibitory
effect of calcium ion is not limited to AN34 because Ca2+ was
actually reported to inhibit several Mg2 +-dependent endonuclea.se

(43-45). (h) AN34 is strongly inhibited by the sulfhydryl-blocking
reagents /V-ethylmaleimide and is insensitive to G-actin, whereas
DNase I is insensitive to A'-ethylmaleimide but is strongly inhibited by
G-actin. (r) The cleavage patterns of linearized SV40 DNA were

different between AN34 and DNase I. Thus, we can conclude that
AN34 and DNase I correspond to different enzymes.

DNase II has also been proposed as an apoptotic endonuclease (11).
DNase II is active at pH 3-6 but inactive at pH >6.5. It produces
5'-OH and 3'-phosphate DNA termini (46), which is not consistent

with the characteristics of AN34 and apoptotic DNA fragmentation.
Thus, the properties of DNase II differ from those of AN34. Reynolds
et al. (47) also reported that DNase II seems to be an unlikely
apoptotic nuclease candidate in human myelogenous leukemia ML1
cells because internucleosomal DNA cleavage could not be induced
below pH 6.6.

Previous studies showed that cycloheximide could not suppress
drug-induced apoptosis in HL-60 cells (23, 26, 27). Our study also

demonstrates that the activity of AN34 is not detectable in untreated
cells. Thus, it would appear that AN34 exists either as an inactive
proenzyme or as a complex with inhibitory protein(s) in untreated
cells. Recent studies demonstrate that caspases play an important role
in apoptosis (16-22, 33, 35). The observation that the broad speci
ficity caspase inhibitor zVAD-fmk abolished the activation of AN34

in whole cells suggests that AN34 is activated by caspases during
apoptosis in HL-60 cells.

It is likely that several endonucleases can be activated during apopto
sis. Nuc 18 (cyclophilin) was isolated from apoptotic rat thymocytes (6).
Two other Ca2+/Mg2+-dependent endonucleases have also been isolated

from apoptotic rodent cells. DNase y has been purified from rat thymo
cytes (11): it is a Mr 34,000 DNase I-like endonuclease (11). The other
endonuclease was isolated from apoptotic mouse T-cell hybridoma (9). It

consists of three molecular forms (A. B, and C) with apparent moleculars
weight of Mr 49,000, Mr 47,000, and M, 45,000, respectively (9). In
addition, Pandey et al. (10) isolated a Mr 97,000 Ca2+/Mg2+-dependent

nuclease. producing internucleosomal DNA cleavage from untreated rat
hepatoma cells. Earlier this year, Enari et al. (20) purified CAD from
cytoplasmic fraction of MRL-lpr mice lymphocytes and demonstrated

that CAD is a Mr 40.000 protein that induces internucleosomal DNA
cleavage in isolated nuclei in the presence of Mg2+. CAD forms a

complex and copurifies with an inhibitor of CAD (ICAD) that can be
cleaved by caspase 3 during apoptosis (20,48). Although both AN34 and
CAD are active in the presence of Mg2+ without Ca2+. further investi

gation will be required to establish a possible relationship between CAD
and AN34.
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