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Cell death by apoptosis mediates several important
Dhysiologic and pathologic processes and appears
to be intrinsically programmed. Its characteristic
features are distinctive morphologic changes of nu-
cleus and cytoplasm, along with cleavage of chro-
matin at regularly spaced sites. Here we study DNA
organization and nuclear structure in apoptotic
thymocytes to define the cleavage event and, by im-
Dplication, the role of the responsible endonuclease.
We show that in apoptosis, double-stranded cleav-
age of DNA generates two classes of chromatin frag-
ments: 70% of DNA exists as long, HI-rich oligo-
nucleosomes bound to the nucleus, and 30%
comprises short oligonucleosomes and mononu-
cleosomes, which are depleted in H1, enriched in
HMG 1 and 2, and not attached to the nucleus. This
minority class probably derives from chromatin in
a transcriptionally active configuration, wbhbich
would allow better access to enzymes in the nucleo-
plasm, producing more complete digestion. The
characteristic nucleolar morphology in apoptosis
can also be explained in terms of cleavage of the
transcriptionally active ribosomal genes, with
conservation of the nucleolin-rich fibrillar center.
The chromatin cleavage, nucleolar morphologic
changes, and chromatin condensation were closely
mimicked by micrococcal nuclease digestion of
normal thymocyte nuclei in the presence of prote-
ase inbibitors. Thus, in apoptosis, selective activa-
tion of an endogenous endonuclease appears to be
responsible not only for widespread chromatin
cleavage but also for the major nuclear morpho-
logic changes. (Am J Pathol 1990, 136:593-608)

Apoptosis is a process whereby cells die in a controlled
manner, in response to specific stimuli, apparently follow-
ing an intrinsic program.” It occurs in developmentally reg-
ulated cell death in the embryo,2* in deletion of autoreac-
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tive T-cell clones during thymic maturation,>® in senes-
cence of neutrophil polymorphs,” and following removal
of specific growth factors (eg, in lymphocytes deprived of
IL-28 and prostatic and endometrial cells deprived of ste-
roid hormones)®'" or the addition of physiologic regula-
tory hormones (eg, in lymphocytes exposed to glucocorti-
coids).'>'® Apoptosis is also found in cells attacked by
cytolytic T-lymphocytes (CTL) and natural killer (NK)
cells™'® and in lymphoid cells exposed to moderate
doses of ionizing radiation.”'® In all of these circum-
stances there is a series of strikingly similar morphologic
changes, several of the most conspicuous occurring in
the nucleus."'® At the same time, nuclear DNA undergoes
widespread cleavage at internucleosomal sites.’>'

The morphologic changes of apoptosis occur in three
phases.? In the first, there is condensation of chromatin
into crescentic caps at the nuclear periphery, nucleolar
disintegration, and reduction in nuclear size. Shrinkage of
total cell volume, increase in cell density, compaction of
cytoplasmic organelles, and dilatation of endoplasmic re-
ticulum are observed, but the mitochondria remain mor-
phologically normal. In phase 2 (which may overlap with
phase 1), there is budding and separation of both nucleus
and cytoplasm into multiple, small, membrane-bound
apoptotic bodies, which may be shed from epithelial sur-
faces or phagocytosed by neighboring cells or macro-
phages. In phase 3 there is progressive degeneration of
residual nuclear and cytoplasmic structures. Possible in-
tracellular signaling mechanisms in the initiation of
apoptosis include influx of calcium ions?'?? and altered
expression of oncogenes c-fos and c-myc.2% In some
cell types the process appears dependent upon protein
synthesis and can be abrogated by application of inhibi-
tors shortly after the lethal stimulus.?®?’ Little is known,
however, of the intracellular effector mechanisms in
apoptosis and in particular of the regulation of DNA
cleavage.
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It is widely assumed that DNA cleavage is the result of
endogenous endonuclease activity. A Ca®* and Mg?*-
dependent endonuclease activity capable of cleaving
chromatin at internucleosomal sites has been identified in
nuclear preparations from normal (but apoptosis-prone)
cells. 28 Identification of an enzyme specifically associated
with programmed cell death would be of substantial inter-
est, but to date there is little information on whether
apoptosis involves appearance of new intranuclear
nuclease activity (by synthesis or activation) or rearrange-
ment of chromatin proteins to permit DNA cleavage by
pre-existing enzyme. Nor is it clear to what extent the DNA
cleavage is responsible for the striking morphologic
changes in the apoptotic nucleus. The possibility that
many other cytolytic enzymes may be involved coordi-
nately has not been directly addressed.

This paper describes a more detailed analysis of the
structure of the apoptotic nucleus than has been pre-
viously attempted. We have used rodent thymocytes
treated with glucocorticoid as the experimental model, be-
cause large numbers of apoptotic cells can be prepared
and purified in vitro in a form readily amenable to bio-
chemical and structural analysis. The data from these ap-
proaches provide strong evidence that the structural
changes in the nucleus in apoptosis are the direct result
of a selective nuclease activation within the dying cells.

Materials and Methods
Preparation of Cells

Thymocytes were obtained from the thymus glands of
previously untreated suckling Sprague-Dawley rats by
teasing into suspension in medium. They were incubated
at 2 X 107 ml at 37 C in Dulbecco’s modification of Mini-
mum Eagles Medium (MEM) supplemented with 10%
heat-inactivated newborn calf serum. In some experi-
ments, the cortical thymocytes were labeled in vitro by
intrathymic injection under anesthesia, with approxi-
mately 50 pCi tritium-labeled thymidine (Amersham Inter-
national, Amersham, UK), 48 hours prior to dissection. To
induce apoptosis, the synthetic glucocorticoid methyl-
prednisolone sodium succinate (Solumedrone, Upjohn,
Crawley, UK) was added to cultures at 10™° M. Lower
concentrations of 1076 M and 1077 M were also effective.

Density separation of apoptotic from morphologically
normal thymocytes was effected on step gradients of Per-
coll (Pharmacia, Uppsala, Sweden) made up in Hepes-
buffered MEM as described.'? Thymocytes were concen-
trated by centrifugation, loaded on 10-ml gradients, and
centrifuged at 2000g for 10 minutes.

Lysis Procedures

1) Isotonic lysis, to separate nuclei from cytoplasm, was
conducted in 100 mmol NaCl, 1.5 mmol MgCl,, and
10 mmol TRIS pH 7.4 (SMT buffer) supplemented with
0.15% Nonidet P40 and 1 mmol phenylmethylsulfonyl
fluoride (PMSF). The lysate was centrifuged at 110g to
pellet nuclei.

2) Hypotonic lysis (applied to whole cells or to nuclei pre-
pared as above) was conducted in 5 mmol TRIS pH
7.4, 5 mmol ethylenediaminetetraacetic acid (EDTA),
0.5% Triton X-100, and 1 mmol PMSF. The lysate was
centrifuged at 27,000g for 20 minutes to separate
high- from low-molecular-weight chromatin.

Analytic Procedures

DNA was measured by the diphenylamine reaction,? af-
ter precipitation in 10% trichloroacetic acid (TCA), or was
concentrated by precipitation in ethanol, extracted with
chloroform, and studied by electrophoresis in 1.8% aga-
rose gels including ethidium bromide.® In some experi-
ments oligonucleosomes were fractionated on 12 ml 10%
to 30% neutral sucrose gradients made up in 5 mmol TRIS
pH 7.4, 1 mmol EDTA, and spun at 30,000 rpm for 16
hours in a Beckman SWTi rotor (Beckman, Warrington,
UK) at 4 C before deproteination and electrophoresis.

Nucleoprotein in cell lysates was fixed in 1% neutral-
ized formaldehyde.®' In experiments using fixation, the
isotonic lysis buffer above was modified by substituting
10 mmol triethanolamonium chloride buffer for TRIS to
avoid inactivation of the fixative aldehyde groups. Fixed
nucleoprotein was banded by isopyknic centrifugation in
cesium chloride (initial refractive index 1.3785) at 40 C in
a Beckman SW60 Ti rotor at 35,000 rpm for 68 hours.
Nucleoprotein peaks were identified by tritium counts (in
preparations made from animals injected intrathymically
2 to 3 days before death with labeled thymidine) or by
fluorescence following addition of ethidium bromide to 1
ug/ml, using excitation and emission wavelengths of 540
nm and 610 nm, respectively. DNA fluorescence was dis-
tinguished from that of RNA by repeating the measure-
ments after digestion for 60 minutes at 37 C with 0.75 mg/
ml RNAse (Sigma, Poole, UK) rendered DNAse-free by
heating to 100 C for 30 minutes.

Sucrose gradient fractionated oligonucleosomes were
deproteinized and digested with S1-nuclease at 37 C for
1 hour in the presence of 1 U/ug DNA in 30 mmol sodium
acetate (pH 4.6), 50 mmol NaCl, 1 mmol ZnSQO,, and 5%
glycerol. SV40 DNA (forms | and Il) was included as an
internal standard to monitor digestion.

Proteins were recovered from nucleoprotein prepara-
tions by precipitation at 4 C in 6 volumes of acetone, with



or without previous extraction in 2.5% TCA or 5% perchlo-
ric acid (PCA). After resuspension and denaturation by
boiling in 2% sodium dodecyl sulphate (SDS), proteins
were separated by electrophoresis in 15% polyacryl-
amide gels and stained with kenacid blue or silver.

Digestion Kinetics of DNA in
Thymocyte Nuclei

Nuclei were prepared by lysis of thymocytes in 10 mmol
TRIS pH 7.4, 2 mmol calcium chloride, and 2 mmol PMSF,
supplemented with 0.2% Triton X-100 or in this buffer
made isotonic by the addition of NaCl to 100 mmol. As
internal standards, nuclei of the human lymphoid line Raji,
labeled during cell growth by incubation with 1 pCi/ml triti-
ated thymidine, were added to 1% of the total DNA. The
nuclei were washed by centrifugation and resuspended
in digestion buffer constituted as above with DNAse |
(grade |, Boehringer Corp., Ltd., Lewes, UK) added to 50
or 500 ug/ml. Digestion at 37 C was terminated after vari-
ous periods between 0 and 60 minutes by the addition of
EDTA to 5 mmol. Undigested double-stranded DNA was
measured by fluorescence with Hoechst 33258% (Houns-
low, UK) using excitation and emission wavelengths of
356 and 458 nm, respectively, or by tritium counting of
Whatman GF/c filters (Maidstone, UK) on which cells
were deposited, washed in saline, and precipitated with
ice-cold 5% TCA.

Morphologic Studies on Nuclei

The topography of DNA in apoptotic and morphologically
normal thymocytes was studied in protein-depleted, DNA-
rich nuclear residues called nucleoids for simplicity, al-
though the method of preparation differs from that used
to produce nucleoids of apparently analogous structure
from other cell types.3*% Nuclei, prepared by isotonic ly-
sis as above, were suspended in large excess volumes
of 0.2 M HCI and 0.4 mmol CaCl, at 4 C for 18 hours.
Nucleoids were sedimented by centrifugation (200g for 5
minutes) and resuspended swiftly in 100 mmol TRIS, 5
mmol sodium chloride, and 0.5 mmol CaCl,, pH 8.3. A
drop of this suspension was mixed on a slide with a drop
of acridine orange (10 ug/ml in phosphate-buffered sa-
line) and viewed under a fluorescence microscope.
Nuclear residues depleted of both soluble proteins
and DNA—nuclear matrices—were prepared by sequen-
tial nuclease digestion and high salt extraction in modifi-
cations of previously described methods.%%” Nuclei were
obtained by isotonic lysis in a buffer consisting of 100
mmol sodium chloride, 1.5 mmol magnesium chloride,
and 10 mmol TRIS pH 7.4 (SMT) supplemented with 2
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mmol sodium tetrathionate, 0.15% Nonidet P40, 5% su-
crose, 1 mmol PMSF, and 250 ug/ml alpha-2-macroglob-
ulin. The nuclei were separated from cytoplasm by centrif-
ugation at 200g at 4 C for 10 minutes, resuspended in
SMT with 5% sucrose, and incubated either at 37 C for
10 minutes with 500 xg/ml micrococcal nuclease (Sigma)
or with 500 ug/ml DNAse | (grade |, BCL) at 20 C for 4
hours. Some matrix preparations were digested with both
DNAse | and micrococcal nuclease. The digested nuclei
were made up to 2 M NaCl by the addition of a 4 M NaCl
solution in gradual increments, and this solution was held
at 4 C for 16 hours. Alternatively, some preparations were
deproteinized with 0.2 M HCI at 4 C for 16 hours. The
matrices were then collected by centrifugation at 200g at
4 C for 10 minutes, resuspended in SMT with 5% sucrose,
and analyzed for DNA content as above and by SDS-
polyacrylamide gel electrophoresis for protein composi-
tion. The resulting nuclear matrices were fixed for trans-
mission electron microscopy (TEM) with 3% glutaralde-
hyde and 0.1 M osmium tetroxide. Thin araldite sections
were stained with uranyl acetate and lead citrate and
viewed in a Jeol 100S electron microscope (Tokyo,
Japan).

Nucleoli of normal and apoptotic thymocytes were
studied in situ by TEM. In addition to conventionally fixed
and stained material, the argyrophilic fibrillar centers were
visualized in some preparations by minor modifications of
the silver staining method of Hernandez-Verdun et al.3®

Nuclei from normal thymocytes, isolated by isotonic
lysis as described above, were also visualized by TEM
before and after incubation at 37 C for up to 10 minutes
in micrococcal nuclease (0.25 u/ml). After incubation di-
rectly in isotonic lysis buffer, the nuclei were either fixed
and processed for TEM as above or treated with 20 mmol
EDTA and 1% SDS for preparation of DNA for agarose
gel electrophoresis.

Results

Nuclear Chromatin Is Cleaved at
Internucleosomal Sites into Well-organized
Chains of Oligonucleosomes

Apoptotic cells and cells of normal morphology, sepa-
rated on Percoll gradients, were found to contain similar
quantities of acid-precipitable DNA: mean values (+ S.E.)
of 10 estimations were 9.5 (x 0.5) pg for apoptotic cells,
9.2 (+ 0.3) pg for untreated cells, and 10.3 (= 0.2) pg
for morphologically normal cells after 4 hours of steroid
treatment. The physical nature of this DNA was investi-
gated by studying its buoyant density, molecular size,
and digestion kinetics.
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Figure 1. Tritiated thymidine labeled thy-
mocytes were treated with glucocorticoid
to induce apoptosis and the chromatin
fragments, recovered after lysis, were fixed
in 1% formaldebyde and analyzed by iso-
pyknic centrifugation in cesium chloride.
The tritium content (@) of each fraction
from the gradient was measured. There is
a sharply defined peak with a buoyant den-
sity (p) of 1.436 g/ml, indicating that the
radiolabeled DNA exists as a nucleopro-

REFRACTIVE INDEX

tein complex. The refractive index (—) of

15 20 25

e
3

FRACTION

Hypotonic lysates of steroid-treated, 3HTdR-labeled
thymocytes were centrifuged at 27,000g to procure, in
the nonviscous supernatant, the low-molecular-weight
DNA fragments from apoptotic cells. After fixation in 1%
formaldehyde, these radiolabeled fragments showed a
sharply defined buoyant density of 1.436 g/ml in cesium
chloride (calculated from the refractive index), indicating
that the DNA exists as a nucleoprotein complex (Figure
1). An identical buoyant density was obtained from light
micrococcal nuclease digests of chromatin from normal
thymocyte nuclei and from Raiji cells. High-density mate-
rial within the cesium chloride gradient, indicative of de-
proteinized DNA, was not found in preparations from
apoptotic cells. Alternatively, the DNA fluorescence of
fragments from apoptotic cells was measured after the
addition of ethidium bromide to the cesium chloride gradi-
ents, and the DNA fragments formed a well-defined peak
with a buoyant density of 1.436 + 0.0037 g/ml (mean
+ S.E.; nine estimations).

Nucleoprotein fragments from apoptotic cells, pre-
pared as above but without fixation, were studied by ve-
locity sedimentation on sucrose gradients. The sedimen-
tation pattern indicated the presence of particles with
stepwise increments in DNA and protein content and inte-
ger multiples of a subunit of approximately 185 nucleotide
base pairs, identical to authentic oligonucleosomes pre-
pared by micrococcal nuclease digestion of normal thy-
mocyte nuclei (Figure 2A, B). Slowly sedimenting material,
indicative of deproteinized DNA, was not observed. This
demonstrates that, in apoptosis, chromatin cleavage oc-
curs within internucleosomal linker DNA and that the
gross composition of nucleosomes in apoptosis is no
different from that of normal cells. In confirmation, poly-
acrylamide gel electrophoresis demonstrated that the ma-
jor proteins extracted from the nuclei of apoptotic cells
were identical to those of normal cells, which were the
four nucleosomal core histones (H3, H2B, H2A, H4) and
histone H1 (Figure 2C). This identity does not exclude the
possibility of varying degrees of post-translational modi-

30

selected fractions from the cesium chloride
gradient was measured and used to calcu-
late the buoyant density.

fication, such as phosphorylation, poly-ADP ribosylation,
or methylation.

The digestion kinetics of DNA in nuclei of apoptotic
cells were studied to determine whether apoptotic and
nonapoptotic cells differed in chromatin packaging and
accessibility to nuclease attack. Nuclei were prepared
from density-purified apoptotic thymocytes and cells of
normal morphology (both untreated and treated with
methylprednisolone). The digestion kinetics of DNA were
identical in these three types of nuclei when exposed to
DNAse | (at concentrations of 50 or 500 ug/ml) under hy-
potonic and isotonic conditions (Figure 3). To exclude the
possibility that endogenous nucleases, or nuclease inhibi-
tors, might be present in differing degrees from these
preparations and so influence the digestion kinetics, trace
quantities of Raji cell nuclei, labeled with 3HTdR during
growth, were included in the incubations. The DNA in
these control nuclei was also digested at an identical rate,
regardless of whether they were coincubated with nuclei
from apoptotic or morphologically normal cells (data not
shown).

Chromatin Fragments Are the Products of
Double-stranded DNA Cleavage

Oligonucleosomes from apoptotic cells were separated
by velocity sedimentation in sucrose gradients. DNA frag-
ments from oligonucleosomes of various lengths (from
one to six or eight nucleosomes) were deproteinized and
digested with S1 nuclease to detect single-strand nicks
or gaps. On subsequent agarose gel electrophoresis, the
oligonucleosome-derived DNA had the same mobility, re-
gardless of exposure to S1 nuclease (Figure 4). The ability
of the S1 nuclease to detect single-stranded DNA was
confirmed by including SV40 DNA as a control in some
digestions. At the concentrations used, both form |l
(nicked circular) and form | (supercoiled) SV40 DNA were
completely digested to form Il (full-length linear) and



Nuclear Changes in Apoptosis 597
AJP March 1990, Vol. 136, No. 3

60 F
s | |
40

30

DNA FLUORESCENCE (arbitrary units)

5 10 15 20 25 30 TOP

Figure 2. Chromatin fragments recovered
from apoptotic thymocytes were analyzed
by velocity sedimentation in 10% to 30% . .
neutral sucrose gradients. a: The DNA con- b M apoptotlc mICI'OCOcca| M
tent (@) of each of the gradient fractions
was analyzed by fluorescence after addi-
tion of ethidium bromide. b: Fractions con-
taining DNA peaks were further analyzed
by 1.8% agarose gel electrophoresis. Parti-
cles with stepwise increments in DNA are
Sfound in preparations from apoptotic cells
(apoptotic). These particles are integer
multiples of a 185-bp nucleosomal subunit,
varying in length from 1 to 4 nucleosomes
and higher orders, identical to authentic
oligonucleosomes prepared by micrococ-
cal nuclease digestion of normal thymo-
cyte nuclei (micrococcal). The marker
tracks (M) are unfractionated micrococ-
cal nuclease digests of normal thymocyte
nuclei. C. Proteins were recovered from
nuclei of isotonically lysed apoptotic (A)
and nonapoptotic (N) thymocytes and an-
alysed by SDS-polyacrylamide gel electro-
Dphoresis. The major proteins are identical
in both samples and are the four nucleoso-
mal core bistones (H3, H2B, H2A, and H4)
and histone H1 (the marker track (Ms)
contains electrophoretic size marker pro-
teins of 92, 66, 45, 31, 21 and 14 kilodal-
tons; the gel was stained with kenacid

blue). Ms A N

FRACTION NO.
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Figure 3. The digestion kinetics of normal and apoptotic nuclei
are shown. Nuclei were prepared from apoptotic (®) and non-
apoptotic (O) glucocorticoid-treated, Percoll-purified thymo-
cytes and untreated (0) thymocytes, by isotonic lysis with tri-
ton X-100. These nuclei were digested by 50 ug/ml DNAse I at
37C for various periods between O to 60 minutes, after which
the reactions were terminated by addition of EDTA and the
undigested double-stranded DNA measured by fluorescence
with Hoechst 33258, and expressed as a percentage of the
value at 0 minutes (means of 2 or 3 estimations are shown).
Identical digestion kinetics are seen for the three samples.

smaller fragments (Figure 4). Although form | DNA is cova-
lently closed, its supercoiled configuration creates re-
gions in which single strands are accessible to S1
nuclease.® Thus, the absence of further digestion by S1
nuclease of the endogenously cleaved DNA demon-
strates that it consisted of double-stranded molecules
with no detectable single-strand nicks or gaps.

Two Classes of Oligonucleosome
Chain Are Generated

Experiments in which nuclei and cytoplasm were sepa-
rated after isotonic cell lysis showed that two classes of
oligonucleosome chain existed in apoptotic cells, one of

which freely dissociated from the nucleus while the other
remained bound. Apoptotic cells, purified by centrifuga-
tion through Percoll, were lysed under isotonic conditions
in the presence of the nonionic detergent NP40 and the
protease inhibitor PMSF. Sedimentation at 110g pro-
duced a pellet consisting of nuclei and a supernatant in
which no nuclei or nuclear debris were observed by either
phase-contrast microscopy or fluorescence microscopy
of acridine orange-stained wet preparations. Low-molec-
ular-weight chromatin was obtained from the nuclear pel-
let by lysis in hypotonic TRIS-Triton-EDTA buffer and
centrifugation at 27,000g as before. Of the chromatin
DNA in apoptotic cells, 30.4 + 3.7% failed to sediment at
110 g with the nuclei (mean = S.E. of 10 estimations),
whereas only 4.8 + 2.0% of the DNA of morphologically
normal, steroid-treated cells failed to sediment with the
nuclei after similar lysis procedures (five estimations) (P
< 0.01, Student’s t-test).

The DNA of morphologically normal cells, as ex-
pected, was of very high molecular weight and failed to
enter agarose gels. In contrast, the DNA of apoptotic cells
(both bound to nuclei and free) displayed the ladder pat-
tern typical of oligonucleosomes. The free DNA consisted
mostly of lower-order oligonucleosomes, including mono-
nucleosomes, whereas the DNA cosedimenting with the
nucleus had a higher modal molecular weight (Figure 5).
Although this bound DNA contained di- and trinucleo-
somes and higher-order oligonucleosomes, mononucleo-
somes were observed only in heavily overloaded gel
tracks. Normal mononucleosomes could be derived from
the nuclear-bound chromatin, however, by further diges-
tion with micrococcal nuclease. Identical results were ob-
tained when the initial cell lysate was centrifuged at up to
3000g, confirming that the free and bound oligonucleo-
somes differed in sedimentation properties because of
differential attachment to a large, rapidly sedimenting par-
ticle (presumably the nucleus) and not merely because of
their intrinsic differences in modal size.

Proteins associated with the bound and free chromatin
fractions of the apoptotic cell lysates were studied by

Figure 4. Agarose gel electrophoresis of de-
proteinised DNA from sucrose gradient
fractionated oligonucleosomes, both be-
Sfore (—) and after (+) S1 nuclease diges-
tion at 37C for 1 bour. V40 DNA (forms I
and II) was included in the mono/di-
nucleosome and bigher-order oligonucleo-
some fractions, as positive controls of S1
nuclease activity: there is complete diges-
tion to smaller fragments not visible in the
gel. There is no change in the mobility of
oligonucleosomes exposed to S1 nuclease,
indicating the absence of single-strand
nicks.



Figure 5. Agarose gel electrophoresis of DNA recovered from
the supernatant(s), containing unattached oligonucleosomes,
and the centrifuged pellet (p), containing oligonucleosomes
bound to the nuclei of apoptotic cells lysed under isotonic con-
ditions with NP40.

SDS-polyacrylamide gel electrophoresis. The bound frac-
tion contained abundant histone H1 and the core histones
but few HMG proteins, whereas the free fraction was rela-
tively enriched in HMG proteins 1 and 2 and depleted of
histone H1 (Figure 6A). In addition to the proteins of the
oligonucleosome chains themselves, the free fraction
also contained all the freely soluble nuclear proteins,
which made uncertain the identification of proteins spe-
cifically bound to chromatin. To clarify this, sucrose gradi-
ents were used to separate various orders of oligonucleo-
somes from both the bound and free fractions. This analy-
sis showed clearly that HMG proteins 1 and 2
cosedimented with the free oligonucleosomes (Figure 6B,
C). Moreover, the difference in the ratio of H1 to HMG 1
and 2 persisted when oligonucleosomes of similar size
were compared, and hence could not be merely the result
of the higher proportion of mononucleosomes in the free
chromatin fragments. Thus, unbound chromatin frag-
ments are shorter, relatively enriched in HMG 1 and 2, and
depleted in H1.

DNA Remains Associated with Residual
Nuclear Structures

Nucleoids were prepared by exposing nuclei of apoptotic
or morphologically normal cells to 0.2 M HCI. When
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viewed by fluorescence microscopy after staining with ac-
ridine orange (a metachromatic fluorochrome that binds
DNA stoichiometrically), the nucleoids prepared from
morphologically normal cells had a stippled, bright center
and a diffuse peripheral halo, characteristic of long loops
of attached DNA. Conversely, the apoptotic nucleoids
presented smaller profiles with smooth, sharply defined
margins, more intense nuclear staining, and one or more
central cavities, consistent with partial loss of DNA after
chromatin digestion (Figure 7).

Normal Nuclear Matrix Structures
Are Retained

Matrices prepared with DNAse | and high salt, as de-
scribed in Materials and Methods, contained less than
10% of the original nuclear DNA content and were sub-
stantially but not completely depleted of histone (quantita-
tive estimates of bands recovered from gels stained with
kenacid blue suggested that at least 80% of the histone
was removed). As an alternative, matrices were also pro-
duced by a harsher method in which 0.2 M HCI treatment
was applied to DNAse I-treated nuclei. This resulted in
more complete deproteinization (less than 3% original
nuclear protein retained) but less successful removal of
DNA (more than 20% retained). These preparations
showed ultrastructural features broadly similar to those of
the matrices produced by the gentler methods using
DNAse | or micrococcal nuclease and high salt. These
nuclear matrices displayed a pore complex lamina with an
underlying meshwork of fine fibers in which a central fibril-
lar body, probably representing the residual nucleolus,
was observed (Figure 8A to D). Isolated pore complex
laminae (empty shells) were observed frequently, as were
fragments of fibrillar material, apparently completely dis-
sociated from them and perhaps derived from the nuclear
interior. No consistent differences were observed, how-
ever, in the preparations obtained from apoptotic and
morphologically normal cells. Polyacrylamide gels of the
preparations digested with both micrococcal nuclease
and DNAse | (with aimost complete histone removal)
showed many high-molecular-weight proteins with no ap-
parent differences in the matrices of apoptotic and normal
origin (Figure 8E).

Nucleolar Constituents Undergo
Segregation and Dispersal

The nucleolus was studied in detail in silver-impregnated
and conventionally stained preparations of whole cells,
both normal and apoptotic. Early in apoptosis (phase 1),
the nucleolus condensed into a spherical mass and the
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constituents underwent segregation. The argyrophilic fi-
brillar center was initially surrounded by particles of the
osmiophilic dense fibrillar component (DFC) and groups
of preribosomal ribonucleoprotein (RNP) granules (Figure
9A to D). As apoptosis progressed, the DFC particles and
RNP granules dispersed in the center of the nucleus,
whereas the fibrillar center remained intact and was fre-
quently found just internal to the condensed chromatin
at the nuclear periphery, separated from it by a narrow
osmiolucent furrow (Figure 9E, F).

Micrococcal Nuclease Digestion Reproduces
the Nuclear Changes of Apoptosis

In an attempt to reconstruct the events in the apoptotic
nucleus, nuclear preparations of normal thymocytes were
incubated with micrococcal nuclease, an exogenous
nuclease known to cleave both strands of the DNA helix
at internucleosomal sites. In order to inactivate proteases,
the lysis buffer was supplemented with the protease inhib-
itor PMSF at relatively high concentration. DNA digestion
was monitored by microscopy and agarose gel electro-
phoresis (Figure 10). After 1 minute of digestion, the
nuclear DNA was still of high molecular weight, but the
nuclei became perceptibly smaller and the nucleoli more
condensed. At 4 minutes, when the DNA existed largely

———— 31

F Figure 6. a: SDS-polyacrylamide gel elec-
trophoresis of proteins recovered from the
centrifuged pellets, containing nuclear
particle-bound chromatin, of nonapop-
totic (track A) and apoptotic (track B glu-
cocorticoid-treated, Percoll-purified thy-
mocytes, and also from the equivalent su-

92 pernatants containing free chromatin, of
the same nonapoptotic (track C) and
66 apoptiotic (track D) cells after isotonic lysis.

Proteins from the supernatant of apoptotic
thymocytes after extraction in 5% PCA are
also shown (track E) (kenacid blue stain-
ing). The protein composition of free (b)
and bound (€) chromatin fragments from
45 apoptotic cells was further analyzed after
sucrose gradient fractionation of oligo-
nucleosomes. Fractions containing mono-
nucleosomes (m), di-, and tri- nucleo-
somes (d/t) and the higher (b)-order oligo-
nucleosomes (4, 5, and 6 nucleosomes in
length) were compared, both before (—)
and after (+) extraction in 2.5% TCA (al-
though there are very few mononucleo-
somes in the bound chromatin fragments,
the equivalent sucrose gradient fraction is
shown) (silver staining). Electrophoretic
protein size markers are shown in kilodal-
tons (tracks F and Ms); bistones and HMG
proteins were identified both by their solu-
bility in 5% PCA or 2.5% TCA and by com-
parison with known standards (H1A, H1B,
HMG1 and 2, H3 and H4 in track My). Free
chromatin is relatively enriched in HMG 1
and 2, but depleted in H1A and H1B, com-
pared to bound chromatin, regardless of
oligonucleosome size.

as a polynucleosomal ladder, there was conspicuous pe-
ripheral condensation of nuclear chromatin. There was
also segregation of nucleolar constituents, which ap-
peared as intact fibrillar centers with adjacent RNP gran-
ules and osmiophilic DFC particles, some having under-
gone dispersal (Figure 10E to G). There was further reduc-
tion in nuclear diameter. By 10 minutes, when only lower-
order oligonucleosomal fragments of DNA were evident
(Figure 10H), the nuclei were reduced to uniformly dense
objects about a quarter of their original diameter. Thus,
the addition of a purified endonuclease to normal nuclei
produces chromatin cleavage and nuclear morphologic
changes that parallel those of early apoptosis.

Discussion

An Endonuclease with Double-stranded
Preference Is Selectively
Activated in Apoptosis

The enzymes presumed to be responsible for chromatin
cleavage in apoptosis have not yet been fully character-
ized, but analysis of the cleavage products can be per-
formed to define some of the properties of the cleavage
reaction. We show that chromatin cleavage is affected by
endonuclease activity with double-stranded but not sig-
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Figure 6. Continued.

nificant single-stranded cutting. Additional exonuclease
activity has not been formally excluded but appears un-
likely on two grounds. First, the modal DNA length associ-
ated with mononucleosomes from apoptotic cells is 185
base pairs, and higher oligonucleosomes are exact multi-
ples of this, indicative of substantial conservation of the
linker DNA. Second, the endogenous chromatin digestion
in apoptosis does not significantly diminish the total acid-
precipitable DNA recovered from cells.

Figure 7. Nucleoids prepared from (a, left)
nonapoptotic and (b, right) apoptotic thy-
mocytes, after exposure of nuclei to
0.2M HCL. Morphologically normal cell
nucleoids have stippled, intensely staining
centers and diffuse halos, whereas apo-
ptotic nucleoids are smaller, with well-de-
fined margins, very intense nuclear stain-
ing and bhave central cavities (acridine or-
ange staining; magnification X 1000).
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The endonuclease activity is apparently not accompa-
nied by indiscriminate proteolytic digestion of chromatin.
According to the criteria of nucleoprotein buoyant den-
sity, qualitative assessment of the most abundant chro-
matin-associated proteins, and chromatin suseeptibility to
exogenous nuclease digestion, apoptotic chromatin is
normal. The protein constituents of the nuclear matrix and
the ultrastructure of its recovered fragments are substan-
tially the same as those of morphologically normal cells.
These interpretations are confirmed by the observation
that both the pattern and time course of chromatin cleav-
age and the morphologic changes in the apoptotic nu-
cleus can be reproduced by brief digestion of normal nu-
clei in the presence of protease inhibitors with a purified
endonuclease (micrococcal nuclease) that cleaves dou-
ble-stranded DNA. Furthermore, we have previously
shown that changes in nuclear morphology, chromatin
cleavage, and extractable endonuclease activity follow al-
most identical time courses after the induction of
apoptosis in lymphoid cells by glucocorticoid.'®

There is evidence that in apoptosis the enzyme re-
sponsible for chromatin cleavage may be a neutral endo-
nuclease dependent upon the coincident presence of cal-
cium and magnesium ions and that alteration of the ionic
environment in the nucleus may be sufficient to activate
this enzyme 22284941 Endonucleases with these features
are known to be present within the nuclei of many cell
types.*'~* They include the enzyme ortginally described
by Hewish and Burgoyne,** which led to the discovery of
the nucleosome. It is probable that similar enzymes are
responsible for the cleavage of DNA in terminally differen-
tiating lens cells*> and normoblasts* and in some (al-
though perhaps not all) target cells of T-cell-mediated cy-
totoxicity.*%4748 Attempts to purify an enzyme (or en-
zymes) with these properties from the nuclei of normal
thymocytes and certain lymphoid cell lines have already
been reported.**%
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Figure 8. Matrices from morphologically normal (a—mag. X 14000) and apoptotic thymocytes (b—mag. X21000) prepared by mi-
crococcal nuclease digestion and 2-mol NaCl extraction of nuclei. Both show the features of typical nuclear matrices: pore complex
laminae, underlying meshworks of fine fibres and central fibrillar bodies (arrows), regarded as the residual nucleoli. Matrix prepa-
rations of DNAse I digested, 2-mol NaCl extracted nuclei, from morphologically normal (c—mag. X40,000) and apoptotic (d—mag.
X40,000) thymocytes both display a closely similiar fine fiber mesbwork and pore complex lamina (uranyl acetate and lead citrate
staining). SDS-polyacrylamide gel electrophoresis(e) of matrices digested with both DNAse I and micrococcal nuclease and extracted
with 2-mol NaCl, prepared from morphologically normal (N), and apoptotic (A) thymocytes (with almost complete bistone removal)
shows an almost identical pattern of many bigh-molecular-weight proteins (silver staining—tbe borizontal bars between the two

tracks represent molecular size markers of 92, 66, and 45 kd).

The Pattern of DNA Digestion Is Influenced by
Pre-existing Chromatin Organization

Chromatin packaging occurs at multiple levels: DNA is
wrapped twice around histone octomers (two each of H3,
H2A, H2B, and H4) to form nucleosomes separated by
linker DNA in a 110 A-diameter beads-on-a-string struc-
ture.®' This may be further assembled into a 300 A fila-
ment believed to be formed by winding of the chain of
nucleosomes into a solenoid containing six nucleosomes
per turn, with the linker DNA and histone H1 on the in-
side.52% Interactions between H1 molecules possibly me-

diate formation of the solenoid, although other models
have been suggested.®*® Large loops of such com-
pacted DNA (up to 100 Kb) are attached at their bases
to the protein matrix of the nucleus in association with
topoisomerase IP*%® with further stacking of these
loops.5® We demonstrate that in apoptosis, as a result of
activation of an endogenous endonuclease, chromatin is
cleaved into oligonucleosome chains with different prop-
erties, presumably reflecting the configuration of the chro-
matin from which they derive.

Chromatin that remains attached to the nuclear struc-
ture is incompletely digested and contains long oligo-
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Figure 9. Nucleolar morphologic changes in early apoptosis compared with the appearance of nucleoli in normal thymocytes (@—
mag. X 10,000, uranyl acetate and lead citrate staining (UA/LC); andb—mag. X 8000, silver (Ag) staining). In apoptosis the nucleo-
lus condenses into a spherical mass and undergoes segregation of its constituent parts (C—mag. X25000, (UA/LC)); more than one
fibrillar center may be seen in both normal and apoptotic cells (d—mag. X 30,000 (Ag)). The argyrophilic fibrillar centers (arrows)
are conserved and the segregated particles of dense fibrillar components (arrow beads), and RNP granules, subsequently disperse
in the center of the nucleus (€é—mag. X25,000 (UA/LC); and f—mag. X30,000 (Ag)). The silver-stained fibrillar centers remain
intact and are often found adjacent to condensed chromatin, separated from it by a narrow osmiolucent furrow.

nucleosomal chains with associated histone H1 but little proportion of mononucleosomes, appears relatively defi-
HMG 1 or 2 proteins. This is entirely consistent with origin cient in histone H1 but enriched in HMG 1 and 2 proteins,
from transcriptionally inactive heterochromatin, packaged and represents about 30% of the total chromatin DNA.
as the 300 A solenoid.®? In contrast, the chromatin that HMG 1 and 2 proteins are thought to replace H1 at the

is not attached to the nuclear structure contains a high junction of linker and nucleosome-wrapped DNA, thus in-
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creasing the accessibility of chromatin to polymerases
and other enzymes.>’~*° They have been shown to stimu-
late transcription by RNA polymerase ll, perhaps by facili-
tating the formation of active initiation complexes.%0!
Hence, the free chromatin in apoptotic cells has many
features suggesting origin from chromatin in a transcrip-
tionally active configuration. In comparison with the 300 A
solenoid, such chromatin would be expected to be more
accessible to digestion by soluble nucleases in the nu-
cleoplasm.® 2 Further evidence that endogenous endo-
nucleases preferentially digest transcriptionally active
genes comes from studies of hen oviduct nuclei. Here
the ovalbumin gene, activated by hormone stimulation, is
preferentially digested by endogenous nucleases, relative
to both the transcriptionally inactive globin gene and the
ovalbumin gene in unstimulated cells.®

Chromatin fibers of normal nuclei are anchored to the
nuclear matrix or scaffold,%%*®® apparently through bind-
ing of certain consensus DNA sequences.*® The number
and spacing of such anchorages may vary with the pat-
tern of gene expression according to differentiation.55%8
Anchorage to the nuclear matrix defines supercoiled DNA
loops that become evident on removal of histones from
normal nuclei®*® and are visualized as the diffuse halo
around the nucleus in preparations (nucleoids) treated
with high salt solution or dilute acid. The partial loss of
this DNA halo in similar preparations made from apoptotic
nuclei is exactly as would be predicted following muiltiple
cleavage events between anchorage sites. A similar pat-
tern of partial loss of chromatin fibers surrounding the
nuclear structure was visualized by electron microscopy
in irradiated thymocytes undergoing apoptosis.®” Unlike
chromatin in 110 A nucleosomal chains, condensed chro-
matin may be maintained as aggregates of 300 A fila-
ments, even after cleavage of DNA at internucleosomal
sites, through protein-protein interactions between adja-
cent coils of the solenoid.®® This affords a simple explana-
tion for the retention of as much as 70% of DNA attached
to the nuclear structure, despite being the target of multi-
ple DNA cleavage events. The proportion of DNA in the
normal nucleus in the condensed form is estimated as at
least 70%.%2 Matrix preparations of both early apoptotic
and normal thymocyte nuclei are similar in protein compo-
sition and contain indistinguishable pore complex lami-
nae, fine fiber meshworks, and residual nucleolar bodies.
Thus, in apoptosis there is selective activation of an endo-

&

Nuclear Changes in Apoptosis 605
AJP March 1990, Vol. 136, No. 3

nuclease without apparent degradation of the nuclear ma-
trix, but the pre-existing organization of chromatin loops
attached to the matrix® influences the pattern of DNA di-
gestion. The mechanisms by which apoptotic nuclei un-
dergo budding and separation into several chromatin-
containing bodies in phase 2 apoptosis are not under-
stood.

Cleavage of IDNA May Explain the Nucleolar
Morphologic Changes

Although nucleolar morphologic changes have long been
recognized as characteristic of apoptosis,’'>° this study
is the first attempt to analyze them in detail. In particular,
we show that the changes must be interpretable on the
basis of nuclease activation alone, because they can be
reproduced by micrococcal nuclease digestion of intact
nuclei in the presence of protease inhibitors. We show
that the fibrillar center, including the argyrophilic protein
nucleolin, retains its normal topography even in nuclei with
extensively condensed chromatin, but that the DFC is di-
gested into many particles, and both they and the preribo-
somal RNP granules disperse at an early stage. This pat-
tern is similar to that seen in nucleoli following treatment
with actinomycin D.7%7' This transcriptional inhibitor
causes nucleolar segregation: transcription complexes in
the DFC undergo dissociation, and RNP granules are re-
leased into adjacent nucleoplasm, but the fibrillar center
is conserved. Cells in which rRNA synthesis has ceased,
such as avian eythrocytes, also show intact fibrillar cen-
ters without surrounding RNP granules.” In apoptosis, the
morphologic changes can be explained by cleavage of
transcriptionally active ribosomal genes (rDNA) within the
dense fibrillar components, 7 thus forming multiple, vari-
ably sized DFC particles that, along with RNP granules,
undergo segregation, become detached from the surface
of the fibrillar center, and subsequently disperse. The pro-
tein-rich fibrillar center itself remains intact. Its frequent lo-
cation close to the peripheral condensed chromatin per-
haps suggests continuity of the protected transcriptionally in-
active internal rDNA with adjacent chromosomal DNA.™

Nuclease Activation May Aid Disposal of
Dead Cells and Protect Against Gene Transfer

In conclusion, we have presented evidence that endoge-
nous endonuclease activity is a major component of the

)

Figure 10. Micrococcal nuclease digestion of normal thymocyte nuclei produces nuclear morphologic changes parallel to those of
early apoptosis. Compared with nuclei (@—mag. X6000) and nucleoli (e—mag. X 10000) at time zero, after 1 minute of digestion,

nuclei become smaller (b—mag. X6000) and nucleoli condense (f—mag. X20000). At 4 minutes there is peripberal condensation

of chromatin (C—mag. X6000) and segregation of nucleoli into intact fibrillar centers (arrows) and adjacent particles of dense
Sfibrillar component (arrow beads) and RNP granules (Q—mag. X20,000), which undergo dispersal. At 10 minutes, nuclei appear
as uniformly dense, chromatin-containing spheres (d—mag. X6000) (uranyl acetate and lead citrate staining). Agarose gel electro-

phoresis of extracted DNA (D) shows a smear of bigh-niolecular-weight DNA after 1 minute of digestion (1), cleavage to a polynucleo-

somal ladder by 4 minutes (4) and to lower-order oligonucleosomes by 10 minutes (10) (the marker track (M) is a micrococcal
nuclease digest of normal thymocyte cbromatin producing an oligonucleosomal ladder).
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process of apoptosis, being responsible for the chromatin
condensation and nucleolar segregation and dispersal,
which are among the most distinctive morphologic fea-
tures. The question arises as to the functional significance
of endonuclease activity early in intrinsically programmed
cell death. One result of chromatin cleavage and subse-
quent condensation is a dramatic reduction in nuclear
bulk, permitting budding and separation of the nuclear
material into several small packages of condensed chro-
matin. This may aid the formation of small apoptotic bod-
ies of a size suitable for phagocytosis by neighboring via-
ble cells or macrophages. Furthermore, we have shown
that transcriptionally active chromatin is apparently prefer-
entially cleaved, presumably because of its accessible
configuration. Double-stranded cleavage of intranuclear
supercoiled DNA has been shown to cause immediate
and profound loss of transcriptional activity.” It is thus
probable that activation of endogenous endonuclease
produces this effect in apoptotic cells. We have previously
recorded radiolabeled uridine incorporation of apoptotic
cells as less than 9% of normal." Because apoptotic cells
usually undergo phagocytosis by their neighbors within
tissues (which may not be specialized macrophages), the
cleavage of DNA to low-molecular-weight material may
serve a protective function limiting the probability of trans-
fer of genes in a potentially active state from dying cells
to the nuclei of their viable neighbors.
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