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ABSTRACT: The apoptotic nuclease, DNA fragmentation factor (DFF40/CAD), is primarily responsible
for internucleosomal DNA cleavage during the terminal stages of programmed cell death. Previously, we
demonstrated that histone H1 greatly stimulates naked DNA cleavage by this nuclease. Here, we investigate
the mechanism of this stimulation with native and recombinant mouse and human histone H1 species.
Using a series of truncation mutants of recombinant histone H1-0, we demonstrate that the H1 C-terminal
domain (CTD) is responsible for activation of DFF40/CAD. We show further that the intact histone H1-0
CTD and certain synthetic CTD fragments bind to DFF40/CAD and confer upon it an increased ability
to bind to DNA. Interestingly, we find that each of the six somatic cell histone H1 isoforms, whose CTDs
differ significantly in primary sequence but not amino acid composition, equally activate DFF40/CAD.
We conclude that the interactions identified here between the histone H1 CTD and DFF40/CAD target
and activate linker DNA cleavage during the terminal stages of apoptosis.

The repeating subunit of eukaryotic chromatin is the
nucleosome, which is composed of 146 bp of DNA wrapped
around an octamer of the four core histones (1). This beads-
on-a-string configuration organizes genomes in an ideal
format to be folded or coiled into a variety of higher-order
structures, which can reach compaction levels approaching
10 000-fold (2). The linker histone, H1, is largely responsible
for the stabilization of such higher-order chromatin structures
(2, 3).

The histone H1 molecule consists of three domains: a
short, basic N-terminal domain (NTD),1 a highly conserved
central globular domain (GD), and a basic C-terminal domain

(CTD) (4). Although it was initially thought that the central
GD was responsible for the stabilized binding of histone H1
to the nucleosome near the points of entry and exit of the
wrapped DNA turns (5), recent in vitro and in vivo
experiments demonstrate that the ability of histone H1 to
bind to chromatin and to mediate folding and condensation
are largely conferred by the basic CTD of the protein (6, 7).
This domain is unstructured in the absence of DNA, but
believed to become structured upon DNA binding (6).
Histone H1 species consist of a family of six different protein
isotypes in somatic cells of the mouse (4). Gene knockout
experiments reveal that these isotypes serve semiredundant
functions, as embryonic lethality requires triple-H1-nulls (8).

It is interesting to reflect from an evolutionary point of
view that nucleosome structure not only fulfills crucial
regulatory and packaging roles in living cells, but it also
prepares dying cells for the efficient clearance of DNA by
phagocytosis during programmed cell death or apoptosis.
Indeed, one of the hallmarks of the terminal stages of
apoptosis is the processing of genomic DNA by apoptotic
nucleases into “bite-size” mononucleosome pieces. This
processing has functional significance because cell-
autonomous DNA breakdown of tumor or virally infected
cells prepares the resulting apoptotic corpses for engulfment
by phagocytes and, as such, eliminates the transforming
potential of any hazardous oncogenes (9). In addition, a
predisposition to autoimmune disease is seen in patients or
an animal model with defective apoptotic DNA processing,
a disease known to be associated with the appearance of anti-
DNA and anti-nucleosomal antibodies (10, 11). Here, we
study one of the major apoptotic nucleases, termed DNA
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fragmentation factor (DFF40/CAD/CPAN) (for review, see
ref 12), whose naked DNA cleavage is greatly stimulated
by histone H1 (13-15).

Recently, a specific histone H1 isotype was demonstrated
to be a messenger from the nucleus to the cytoplasm,
signaling DNA damage and triggering apoptosis (16). Upon
DNA damage, histone H1.2 was shown to leak to the
cytoplasm, trigger the release of cytochrome c from mito-
chondria, and initiate apoptosis (16) (we designate this
histone species as H1-1 in the nomenclature used here, ref
17). This signaling could be reconstituted with recombinant
H1-1 in vitro, and a knockout mouse lacking functional H1-1
genes was resistant to apoptotic stimuli (16).

In the present study, we have characterized the effects of
the six somatic isotypes to test the hypothesis that H1-1 might
be a preferential activator of DFF40/CAD. We also have
used recombinant technology to dissect the histone H1
domains responsible for DFF40/CAD activation. Our results
demonstrate that the H1 CTD, as well as select CTD
fragments, bind to DFF40/CAD and endow it with the
increased ability to bind to DNA. All somatic isotypes were
equally capable of stimulating nuclease activity in vitro,
suggesting that CTD amino acid composition is more
important than primary sequence.

EXPERIMENTAL PROCEDURES

Expression, Purification, and ActiVity Assay of Recombi-
nant Forms of DFF.Human hexa-His-tagged DFF40 was
coexpressed in a polycistronic vector with human DFF45
and purified as described previously (14). Mouse GST-tagged
CAD was coexpressed with human DFF45 using a two-
vector system described previously (18). The GST-fusion
protein was purified on GSH-Sepharose and the GST tag
removed by thrombin cleavage. One milligram of GST-CAD
was incubated with 50 units of thrombin for 2 h at room
temperature, and then the resulting CAD/DFF45 heterodimer
was purified by Q-Sepharose chromatography using a linear
0.1-0.35 M NaCl gradient. Hamster recombinant caspase-3
was expressed inEscherichia coliand purified as described
previously (14). DFF heterodimer (50 ng; 0.5 pmol) was
activated by incubation with caspase-3 (0.1 pmol) at room
temperature in buffer consisting of 10 mM KCl, 1 mM
EGTA, 1 mM DTT, and 20 mM Tris-HCl, pH 7.5. After 20
min of incubation, caspase-3 was inhibited with 10µM Ac-
DEVD-Cho. Nuclease activity was assayed as described
previously (15). As substrate, we used pWLTR11 plasmid
DNA, which is a 4.2 kb sequence containing a 1.4 kb
fragment of the HIV-1 genome LTR inserted into pNEB193
(19). However, the effects of H1 upon DFF40 cleavage were
the same irrespective of what type of plasmid DNA was used
as a substrate. Briefly, 1µg of pWLTR11plasmid DNA,
MgCl2 (4 mM final), and NaCl (100 mM final) was added
to activated DFF (final volume 20µL) and incubated for 30
min at 33°C, and then the reaction was stopped by adding
EDTA, SDS, and Proteinase K. In some experiments, fresh
DFF45 (20-fold molar excess as compared to the starting
DFF heterodimer concentration) and/or histone H1 (usually
200 ng;∼10 pmol) was added to the activated DFF mixture
(with 5 min incubation on ice) before adding DNA substrate.
The majority of experiments were repeated with both human
DFF40 and mouse CAD without any discrepancies in the
results obtained.

Purification of Histone H1 Subtypes.Human and murine
linker histones were isolated from human placenta and mouse
liver, respectively, using an acid extraction procedure as
described elsewhere (20). Once the H1 histones were
isolated, the subtypes were purified by a modified form of
cation-exchange-hydrophilic-interaction chromatography (CX-
HILIC; ref 21). Details of the method and its modifications
will be described elsewhere (Parseghian, manuscript in
preparation). Briefly, human H1 subtypes were fractionated
on a weak cation exchange column, known as PolyCAT A
(PolyLC, Columbia, MD), using a shallow sodium perchlo-
rate (NaClO4) gradient of 0.25 mM/min from 340 to 350
mM at a flow rate of 0.6 mL/min. Similarly, mouse H1
subtypes were purified using a NaClO4 gradient of 0.25 mM/
min from 350 to 360 mM at a flow rate of 0.6 mL/min. The
running buffers, Buffer A [50% acetonitrile and 50 mM
phosphoric acid, pH 6.5] and Buffer B [50% acetonitrile,
50 mM phosphoric acid, and 800 mM NaClO4, pH 4.0] were
degassed with helium prior to use on a Beckman System
Gold HPLC (Beckman Coulter, Fullerton, CA). Fractions
were collected and dialyzed against 10 mM HCl to remove
residual perchlorate prior to lyophilization. When total
histone H1 species were used, they were purified from HeLa
cell chromatin using hydroxyapatite as described elsewhere
(15).

Expression and Purification of H1-0 Proteins and Pep-
tides. Wild-type H1-0 and various domain mutants were
constructed using the same standard procedures (22) as in
the previous work (6). All H1-0 proteins were expressed and
purified as described (6), except that a HiTrap SP HP column
was used in the place of a CM-Sephadex C-25 column for
H1-0 CTD 97-169 and 97-145 species. Peptides 121-145,
122-169, and 146-193 were synthesized on a Perseptive
Biosystems Pioneer automated peptide synthesizer (Applied
Biosystems, Foster City, CA) using optimized Fmoc chem-
istry (23). The crude peptides were then purified by reversed-
phase HPLC on a Waters liquid chromatography system
using a Vydac C4 semipreparative column (250 mm× 10
mm). The identity of the purified peptides was confirmed
by electrospray mass spectrometry on a VG Quattro II triple
quadrupole instrument.

NatiVe Pore-Exclusion Limit Electrophoresis.Native pore-
exclusion limit electrophoresis was performed as described
elsewhere (24). Briefly, purified proteins (at amounts de-
scribed in figure legends) were incubated for 15 min on ice
in buffer consisting of 10 mM KCl, 100 mM NaCl, 1 mM
EDTA, 1 mM DTT, and 20 mM Tris-HCl, pH 7.5, and then
separated on linear 4%-24% gradient polyacrylamide gels
in 0.1 M Tris-borate, pH 9.5, 1 mMâ-mercaptoethanol for
16 h at 300 V,∼10 mA, at 4°C (gels were calibrated by
coelectrophoresis of different molecular size markers). Gels
were soaked in 0.5% SDS, 25 mM Tris-Cl, and 250 mM
glycine, pH 8.5, and then proteins were electrophorectically
transferred onto nitrocellulose membranes and immunode-
tected as described below.

Western Blot Analyses. Proteins were separated on SDS-
14% polyacrylamide gels and electrophoretically transferred
onto nitrocellulose membranes (Schleicher & Schuell).
Membrane-immobilized proteins were probed with the fol-
lowing commercial antibodies: rabbit anti-human DFF40
polyclonal antibodies (Axxora), rabbit anti-human DFF45
N-terminus polyclonal antibodies (Pharmingen), rabbit anti-

7872 Biochemistry, Vol. 44, No. 21, 2005 Widlak et al.



mouse CAD antibodies (Santa Cruz), and mouse anti-histone
H1 monoclonal antibody (Santa Cruz). The antigen-antibody
complexes were visualized using enhanced chemilumines-
cence (ECL) Western blotting detection reagents (Amersham
Pharmacia Biotech).

Binding to DNA Cellulose.Inactive DFF heterodimer (1
µg) or an equivalent amount of caspase-activated DFF was
incubated for 15 min on ice with histone H1 (5µg of full-
length protein and equimolar amounts of truncated proteins)
in buffer consisting of 10 mM KCl, 100 mM NaCl, 1 mM
EDTA, 1 mM DTT, and 20 mM Tris-HCl, pH 7.5. The
mixture of the proteins was then incubated with a suspension
of DNA cellulose (at an amount equivalent to 10µg of DNA)
for 30 min at 4°C in a final volume of 500µL of the same
buffer supplemented with 0.01% Triton X-100. Cellulose
beads were then washed twice with 1 mL of binding buffer.
Bound proteins were eluted with 2% SDS, separated on
PAGE-SDS gels, and Western-blot-detected.

RESULTS

Previous studies have shown that DFF40/CAD apoptotic
nuclease is inactive in normal cells because it is bound to
an inhibitor subunit, DFF45/ICAD, in a heterodimer complex
(13, 24-26). Upon exposure of cells to apoptotic stimuli,
the caspase-3 protease becomes activated and cleaves the
DFF45/ICAD inhibitor subunit, resulting in formation of
enzymatically active DFF40/CAD homo-oligomer (14, 24,
28). We have previously shown that the abundant chromo-
somal protein, histone H1, greatly stimulates DFF40/CAD
cleavage of both naked DNA and nucleosomal substrates in
vitro (13-15). H1-dependent activation of DFF40/CAD leads
to increases in theKcat and decreases theKm for naked DNA
(14). Addition of H1 either during or after caspase-3
treatment of DFF causes the same stimulatory effect on DNA
cleavage (P.W and W.T.G., unpublished), indicating that
histone H1 affects DFF40/CAD enzyme activity but not
caspase-3-dependent activation of the nuclease. Together,
these results suggest an important role for H1 in downstream
genome fragmentation during apopotosis through stimulation
of DFF40/CAD activity. In the present study, we explore
the molecular basis of how H1 binds to and activates DFF40/
CAD in vitro. Although the in vivo substrate for DFF40/
CAD is chromatin, the enzyme exclusively attacks the DNA
linker between nucleosomes and does not cut nucleosome
core DNA whatsoever (15). Hence, to directly assess the role
of histone H1 on the activation process without introducing
potential complicating interactions with the core histones,
we chose to employ a naked DNA substrate for these studies.

Specificity of DFF40/CAD ActiVation by H1. Initially,
several experiments were performed to examine the specific-
ity of H1-dependent activation of DFF40/CAD in vitro. At
stoichiometries equal to one histone H1 molecule per every
100-400 bp of DNA substrate, H1 maximally stimulated
DNA cleavage by DFF40/CAD (Figure 1A, lanes 4 and 5).
These are physiologically relevant conditions equivalent to
one histone H1 per∼1-2 nucleosomes. In contrast, neither
BSA nor poly-L-lysine stimulated DFF40/CAD activity
(Figure 1A, lanes 1-3, 10-12). However, very minor
stimulation of nuclease activity was observed with protamine
(an arginine-rich protein closely related to histone H1), with
poly-L-arginine, and with spermidine (a nonpeptide polyca-

tion) (Figure 1A, lanes 7-9, 13-15, 16-18). In terms of
nuclease specificity, histone H1 did not activate DNase I or
micrococcal nuclease (MNase) (Figure 1B). Taken together,
these data demonstrate that the potent maximal activation
of DFF40/CAD by histone H1 observed at physiologically
relevant linker histone/DNA stoichiometries is specific for
H1 and that marginal activation of DFF40/CAD can be
induced by only certain specific proteins/biopolymers.

Histone H1 also had a pronounced effect on the salt-
dependence of DFF40/CAD activity. In the absence of H1,
DFF40/CAD activity was strong (but not maximal) in 50
mM NaCl, partially inhibited in 100 mM, and completely
inhibited in 150 mM (Figure 1C). In marked contrast, in the
presence of H1, the activity of DFF40/CAD was maximal
in 50 and 100 mM NaCl and remained robust in 150 mM
NaCl at a level 2- to 3-fold lower than the maximal activity.
These results demonstrate that histone H1 is able to strongly
activate DFF40/CAD at higher salt concentrations where the
enzyme alone is inactive.

At higher H1/DNA stoichiometries (e.g., one H1 per 20-
50 bp DNA), histone H1 failed to activate DFF40/CAD
(Figure 1A, lane 6; Figure 1C, lanes 10-13). No stimulatory
effects of protamine and polyarginine were seen at these
concentrations as well (Figure 1A, lanes 9, 15). H1, prota-
mine, and polyarginine all can bind to DNA with modest
affinities (29). Hence, at high stoichiometries, we believe
these macromolecules are binding to the DNA substrate and
preventing endonuclease accessibility. Consistent with this
notion, at these same higher protein/DNA stoichiometries,
H1 also inhibited the activity of DNase I and MNase (data
not shown).

FIGURE 1: Histone H1 specifically stimulates DNA cleavage by
caspase-activated DFF. (A) Plasmid DNA cleavage by caspase-
activated DFF40/CAD in the presence of 100-, 250-, and 1000-ng
of BSA, histone H1 (total H1 from HeLa cells), protamine (from
salmon sperm), poly-L-lysine (30-70 kD), poly-L-arginine (20-
70 kD), and spermidine. The DNA “band” at 0.1 kb (e.g., lane 4)
actually represents fragments ranging in size between 20- and 100-
bp (15). (B) Plasmid DNA cleavage by DNase I and micrococcal
nuclease (MNase) in the presence of 200 ng of histone H1. (C)
Plasmid DNA cleavage by DFF40/CAD in the presence of the
indicated amounts of histone H1 with reactions carried out at 50-,
100-, 150-, and 200-mM NaCl. Reaction mixtures contained 1µg
of plasmid DNA and 0.5 pmol of DFF40/CAD, 0.001 unit of DNase
I, or 0.01 unit of MNase.
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The C-Terminal Domain of Histone H1-0 Mediates
Stimulation of DFF40/CAD ActiVity. To determine the
segments within histone H1 that are responsible for DFF40/
CAD stimulation, we initially examined the effects of a set
of recombinant H1-0 truncation mutants (Figure 2A,B).
These mutants previously have been used to define the H1
regions involved in stabilizing folded chromatin fibers (6).
Activation of DFF40/CAD as a function of protein concen-
tration was determined for each H1 CTD mutant (Figure
2C,D). At amounts between 1 and 15 pmol, H1-0 mutants
lacking CTD residues 122-193 were incapable of activating
the enzyme (Figure 2C,D, mutants∆72, ∆97, and GD).
These results demonstrate that, at physiologically relevant
H1/DNA ratios, the H1 CTD is required for DFF40/CAD
activation. Examination of the other CTD truncation mutants
(∆24,∆48, and∆72) showed that H1-0 mutants lacking the

C-terminal most 24, 48, and 72 amino acid residues required
successively more protein to maximally stimulate DFF40/
CAD activity compared to full-length H1-0 (Figure 2C,D).
Thus, no single short segment or motif within CTD residues
122-193 appears to mediate H1-dependent DFF40/CAD
activation. Interestingly, at high protein concentrations (>75
pmol), the NTD-GD segment of H1 (∆97 mutant) was even
capable of activating the nuclease, and deletion of residues
1-24 of the NTD resulted in a lessening of the GD to
stimulate the activity of the nuclease (Figure 2C, compare
lanes 24 and 29).

The data in Figure 2 also demonstrate that the inhibition
of DFF40/CAD activity at higher protein concentrations was
correlated with the extent of H1 CTD present (Figure 2C,
compare lanes 4-5, 9-10, 14-15, 19-20, 24-25, 29-30).
As increasing amounts of CTD were deleted, inhibition by
the H1 fragments occurred at successively higher protein
concentrations. In contrast, inhibition did not occur with the
∆97 mutant (residues 1-96) or H1-0 GD over this concen-
tration range. These results are consistent with the effect
being related to inhibitory H1-DNA interactions as de-
scribed in the previous section. In fact, it has been shown
that linker histone mutants with shorter CTDs have lower
relative binding affinities to chromatin (6, 7). Therefore, it
is likely that linker histone mutants with shorter CTDs also
have lower affinities to bind to naked DNA and, as a result,
are required to have higher concentrations to inhibit DFF40/
CAD activity.

Somatic Histone H1 Isotypes Equally Stimulate DFF40/
CAD. The CTDs of the histone H1 isoforms differ signifi-
cantly in primary sequence but not total amino acid
composition (6). Thus, to determine the importance of CTD
sequence in nuclease activation, we assayed whether the
somatic H1 isotypes differentially stimulated DFF40/CAD.
These experiments also addressed the hypothesis that H1-1,
which has been demonstrated to trigger apoptosis in response

FIGURE 2: The histone H1 domain responsible for efficient
stimulation of DFF40/CAD DNA cleavage is localized in the
C-terminal region. (A) Diagram showing the structures of different
bacterially expressed truncated forms of mouse histone H1-0. (B)
SDS-PAGE of wild-type (WT) and truncated forms of histone H1-
0. (C) Plasmid DNA cleavage by caspase-activated DFF in the
presence of WT and truncated forms of histone H1 (30-, 100-, 300-,
1000-, and 2000-ng each). (D) Quantification of data shown in panel
C. To quantitate data, electrophorograms were divided into zones
where average DNA length was reduced 3-, 10-, and 30-fold, and
the amount of DNA in each defined zone was obtained by density-
scanning and multiplied by the reduction-in-length factor. Obtained
values are presented in arbitrary units (a.u.; maximum value 3000).
Amounts of histone H1 forms (X-axis) are expressed as picomoles
in a log scale. Data for amounts of H1 forms where stimulatory
effects were inhibited are not shown.

FIGURE 3: Different histone H1 subtypes similarly stimulate DNA
cleavage by DFF40/CAD. (A) SDS-PAGE of purified mouse
histone H1 subtypes (M, molecular mass standards). (B) Plasmid
DNA cleavage by activated DFF40/CAD in the presence of different
histone H1 subtypes (10 pmol each) and with reactions carried out
at 100 mM NaCl.
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to DNA damage (16), might be a preferential stimulator of
DFF40/CAD. As shown in Figure 3, each of the six mouse
somatic cell histone H1 isotypes equally and robustly
stimulate DFF40/CAD activity at low concentration (10
pmol). In addition, each of these six isotypes exhibited very
similar activity response curves over a wide concentration
range, and at high concentration (50 pmol), each H1 isotype
equally inhibited DNA cleavage (data not shown). We also
found similar results when we tested the human somatic cell
histone H1 isoforms (data not shown). Thus, the ability of
the H1 CTD to activate DFF40/CAD is unrelated to amino
acid sequence. A more important determinant appears to be
amino acid composition.

Histone H1-0 CTD Peptides Differentially ActiVate DFF40/
CAD. In view of the results obtained in Figures 2 and 3, we
next determined the ability of synthetic CTD fragments to
activate DFF40/CAD. Peptides encompassing the following
CTD residues were tested: 97-193 (full-length CTD), 97-
169, 97-145, 121-145, 122-169, and 146-193 (Figure
4A,B). At 10 pmol peptide, fragments 97-169, 122-169,
146-193, and the intact CTD were able to potently activate
DFF40/CAD (Figure 4C,D). Fragment 97-145 was signifi-
cantly less effective at this concentration, consistent with the
CTD truncation data. Importantly, although fragment 122-
169 was able to activate the enzyme, fragment 121-145 was
incapable of activating DFF40/CAD. Thus, the minimum
CTD segment length required for nuclease activation appears
to be greater than 24 residues. As was observed with the
full-length H1 and H1 CTD truncation mutants (Figure 2),
the specific CTD peptides that activated DFF40/CAD at low
concentration also caused inhibition of DFF40/CAD at higher
protein concentrations.

The Histone H1-0 CTD Binds to DFF Species.Previously,
we have shown that wild-type histone H1 binds to DFF
species using an immunoprecipitation assay with antibody
against DFF45 (14). We have extended this observation by
characterizing the binding of H1-0 and H1-0 CTD fragments
to both DFF heterodimers and DFF40/CAD homo-oligomers
using pore-exclusion limit electrophoresis and Western
blotting (Figure 5). As shown in Figure 5A, DFF40/CAD
homo-oligomers bind full-length histone H1-0 and the
isolated H1-0 CTD but not the H1-0∆97 mutant lacking
the CTD. In this assay, binding is evidenced by the
disappearance of material from the gel. This is because the
pH of the running buffer is 9.5 (very close to the 9.2 pI of
DFF40) and the DFF species becomes positively charged
upon binding highly basic histone H1 proteins. Importantly,
we also found, using this assay, that three different CTD
fragments (97-145, 122-169, and 146-193) each bind to
DFF40/CAD homo-oligomers (the latter two being the most
potent). Interestingly, wild-type H1 and the H1 CTD, but
not the∆97 mutant, also bind to DFF45/ICAD monomers
(Figure 5B). We obtained the same result for actin but not
for BSA (data not shown), indicating that the histone H1
CTD has the ability to specifically associate with other
proteins besides DFF40/CAD.

Association of the Histone H1-0 CTD with DFF Species
ConVerts Them into DNA Binding Proteins.To determine
whether histone H1 association with DFF species enhances
DNA binding, we utilized a DNA cellulose bead assay.
Protein species bound to the beads were identified in eluates
using Western blotting from SDS-PAGE gels. As shown

in Figure 6A, histone H1 was recovered from DNA cellulose
whenever it was present in input protein mixtures. DFF
heterodimers bound to the beads only when histone H1 was
also present, and caspase-3-treated DFF40/CAD binding to
DNA cellulose was increased several fold in the presence
of histone H1 (Figure 6A). Figure 6B demonstrates that the
CTD, but not the∆97 mutant, conferred DNA binding ability
to DFF40/CAD. In addition, we found that three CTD
fragments (97-145, 122-169, and 146-193) also enhance
binding of caspase-activated DFF40/CAD to DNA cellulose
(yet fragment 97-145 was less effective in such enhance-
ment, Figure 6B). In conclusion, we have demonstrated that

FIGURE 4: Mapping the C-terminal domain of histone H1 respon-
sible for stimulation of DNA cleavage by caspase-activated DFF.
(A) Diagram showing structure of different bacterially expressed
or synthetic truncated forms of mouse histone H1-0. (B) SDS-
PAGE of WT and truncated forms of histone H1-0. (C) Plasmid
DNA was cleaved by DFF40/CAD in the presence of equimolar
amounts (2-, 6-, 12-, 20-, and 40-pmol) of WT and truncated forms
of histone H1-0. (D) Quantification of data shown in panel C. To
quantitate data, electrophorograms were divided into zones where
average DNA length was reduced 3-, 10-, and 30-fold, and the
amount of DNA in each defined zone was obtained by density-
scanning and multiplied by the reduction-in-length factor. Obtained
values are presented in arbitrary units (a.u.; maximum value 3000).
Amounts of histone H1 forms (X-axis) are expressed as picomoles
in a log scale. Data for amounts of H1 forms where stimulatory
effects were inhibited are not shown.
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the CTD of histone H1-0 and several CTD fragments bind
to DFF and stimulate both its enzymatic activity and DNA
binding.

DISCUSSION

DFF40/CAD is known to exhibit an extraordinary prefer-
ence for cleaving the internucleosomal linker regions in
chromatin (15). This preference stems from the scissors-like
structure of the DFF40/CAD active site (28). We propose
this preference for linker DNA is significantly enhanced by
binding of histone H1 to the enzyme. Indeed, histone H1 is
known to be in rapid equilibrium with its nucleosomal
binding sites in living cells and is not statically bound to
nucleosomes (7, 30-32). Thus, it is readily available for
binding to other nuclear proteins. Over 15 different proteins
have been shown to bind to histone H1 mostly by in vitro
experiments (33-44), including the DFF45 monomers, DFF
heterodimers, and DFF40/CAD homo-oligomers character-
ized in our study. Clearly, the mechanisms through which

histone H1 mediates nuclear functions must involve protein-
protein interactions in addition to its well-documented effect
on chromatin architecture.

We found that each of the six somatic cell histone H1
isoforms equally activated DFF40/CAD in vitro. The same
results have been obtained for H1-dependent stabilization
of folded chromatin (X.L., M.H.P, J.C.H, unpublished).
Because histone H1 isoforms are expressed at different levels
in various cell types, this lack of specificity will allow
apoptotic DNA degradation or chromatin condensation to
occur in all cells independent of differences in isoform ratios.
The amino acid sequence of the CTD varies considerably
between H1 isoforms, and yet, the amino acid composition
of the CTDs is remarkably similar (ref6; see below). The
importance of amino acid composition rather than sequence
may be related to the role of intrinsic disorder in CTD
function (see below). Thus, it may not be particularly
surprising that each isoform can strongly activate DFF40/
CAD. Also, it is not uncharacteristic for several H1 isoforms
to display an activity in vitro, but that only one will display
in vivo (45).

In the case of DFF40/CAD function, we envision several
roles for H1 interactions relating to potentiation of genome
fragmentation during apoptosis. In our working model, H1
binding first helps overcome the cleavage barrier posed by
condensed chromatin by activating DFF40/CAD. The ex-
perimental evidence for this comes from previous studies
showing that condensed, in vitro-reconstituted nucleosomal
templates containing histone H1 were much more effectively
cleaved by DFF40/CAD in comparison with MNase (14).
Given the evidence that condensed chromatin, in vivo,
contains a more heterogeneous mix of all somatic subtypes
compared to euchromatin (46, 47), the lack of specificity of
DFF40 for any one subtype in vitro could suggest a reason
condensed nucleosomal templates can be effectively cleaved
by DFF40/CAD in vivo. As the cleaved chromatin fragments
become successively shorter than six nucleosomes long, the
chromatin fragments will progressively decondense (2), and
H1 will be free to maximally stimulate the nuclease to
complete genome fragmentation. We also envision that the
transient free pool of nucleoplasmic H1 present due to rapid
equilibrium exchange of H1 from its chromatin binding sites
(7, 30-32) could allow free DFF40/CAD to associate with
the H1 and be recruited to histone H1-free-chromatin
fragments through the H1 GD, which is also known to
mediate nucleosomal DNA binding (5). Hence, it is easy to
model several ways in which H1 binding may potentiate
chromatin linker DNA cleavage by DFF40/CAD.

The data in Figures 2-6, to the best of our knowledge,
are the first to demonstrate the histone H1 CTD is able to
specifically mediate protein-protein interactions. From a
protein chemistry perspective, the H1 CTD is enigmatic.
While long considered to be an unstructured polycation that
binds DNA during chromatin condensation (2, 3), this
mechanism has recently been ruled out in vitro (6) and in
vivo (7). Instead, the CTD appears to stabilize folded
chromatin through a mechanism involving “intrinsic disor-
der” (6, 48, 49, and references therein). Intrinsically disor-
dered regions of proteins often appear to be combinatorial
interaction domains that are unstructured in the absence of
macromolecular interactions and assume secondary structures
when bound to different macromolecular partners (48, 49).

FIGURE 5: Histone H1 and its C-terminal domain bind to DFF.
(A) DFF heterodimers (1µg) or caspase-activated DFF were
incubated with either the full-length (WT; 2µg), its N-terminal/
globular (∆97; 1µg) or C-terminal (CTD; 1µg) domains of histone
H1-0, or peptides 97-145, 122-169, and 146-193 (1µg). Protein
complexes were resolved by 4-24% polyacrylamide gradient pore-
exclusion limit electrophoresis and detected by Western blotting
using anti-DFF40 antibodies. The same analysis was done for
purified DFF45 (panel B).

FIGURE 6: Histone H1 and its C-terminal domain enhance the DNA
binding of DFF heterodimers and caspase-activated DFF. (A) DFF
heterodimers or caspase-activated DFF were incubated with total
HeLa cell histone H1 and then with DNA-cellulose. Cellulose
beads were washed and bound proteins eluted with SDS. Eluted
proteins were separated by SDS-PAGE and detected by Western
blotting using the indicated antibodies. (B) Caspase-activated DFF
was incubated with either full-length (WT), N-terminal/globular
(∆97), or C-terminal (CTD) domains of histone H1-0 or peptides
97-145, 122-169, and 146-193, and its binding to DNA-
cellulose was analyzed as in panel A.
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Our observation that the H1 CTD can mediate specific
protein-protein interactions with DFF40/CAD, together with
the previous findings that the H1 CTD alters linker DNA
structure and stabilizes condensed secondary and tertiary
chromatin structures when bound to chromatin fibers (6),
demonstrates that the histone H1 CTD is able to participate
in multiple interactions with different macromolecular part-
ners. Furthermore, when H1 is bound to DNA in vitro, a
segment of the CTD is induced to form an amphipathic helix
(50, 51). In many ways, the H1 CTD is reminiscent of acidic
activation domains such as VP16, which are capable of
interacting with many different transcription factors and
coactivators, for example, TBP, TFIIA, and P300 (52, 53).
VP16 alone is unstructured, but assumes anR-helical
structure as a consequence of interaction with proteins such
as PC4 (53). Modulation of macromolecular interactions
through coupled secondary chromatin structure formation is
an emerging theme in structural biology (48, 49).

We have previously shown that the regions of the H1-0
CTD that stabilize condensed chromatin fibers are located
in two distinct subdomains encompassing residues 97-121
and 146-169 (6). In contrast, the region responsible for
DFF40/CAD activation appears to be spread throughout
residues 122-193 (Figures 2 and 4). Interestingly, all CTD
peptidesg47 residues in length were able to effectively
activate DFF40/CAD, regardless of their location in the intact
CTD (Figure 4), and each of these peptides have very similar
amino acid compositions. One vision of H1 stucture in vivo
has the region encompassed by residues 146-169 on the
CTD responsible for bending linker DNA, while the entire
CTD is actually positioned such that it limits the accessibility
of proteins to the GD in an intact chromatosome structure
(54). Hence, CTD sequences more distal to the GD would
be more easily accessible to other proteins such as DFF40.
This could explain why, of the three 48 residue fragments
investigated in Figure 4, residues 146-193 and 122-169
show somewhat greater activity than fragment 97-145. Such
a fragment proximal to the GD may not have the same
evolutionary pressures for interacting with apoptotic nu-
cleases, hence, evolving into a less optimal region for DFF40
binding, as evidenced with the result in Figure 6B. Thus, in
addition to amino acid composition, length and location
within the H1 CTD may also be important interaction
determinants.
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