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CAD/DFF40, the nuclease responsible for DNA frag-
mentation during apoptosis, exists as a heterodimeric
complex with DFF45/ICAD. The study presented here
augments the accompanying inhibition and chaper-
one study with an analysis of specific binding
strengths and locations of DFF45 binding sites within
DFF40. This allows us to show that DFF40/45 interac-
tion is mediated by binding of three functional do-
mains (D1, D2, and D3) of DFF45 to two domains (ac-
tivator and catalytic) of DFF40. D1 binds exclusively
to the activator domain and D2 binds to the catalytic
domain of DFF40. Inhibition of DFF40 nuclease activ-
ity arises independently from D1 functional sequestra-
tion of the activator domain and D2 blockage of the
catalytic domain of DFF40. The mechanism of caspase
activation of DFF40 is the disruption of the synergistic
binding activity of DFF45 domains to DFF40 after
caspase recognition and cleavage of DFF45 in the con-
text of a DFF45/40 complex. © 1999 Academic Press
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DNA fragmentation is a basic hallmark of cells un-
dergoing apoptosis (1) and has been shown to be medi-
ated by the action of the DFF40 (CAD) nuclease which
is isolated with an inhibitor protein DFF45 (ICAD)
(2-7). DFF40 can be activated after caspase 3, a down-
stream caspase in the apoptosis activation cascade,
cleaves at two caspase consensus sites in DFF45. In the
accompanying study (8), we investigate the reported
chaperone activity of DFF45 (2, 7) and show that one
aspect of this activity involves maintaining the solubil-
ity of mature DFF40. Furthermore, we found that the
N-terminal region of DFF45 is critical to maturation of
DFF40, presumably by interaction with nascent
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DFF40. The most intriguing observation, however, was
to show that two separate fragments of DFF45 inde-
pendently inhibit DFF40 DNAse activity. These two
fragments (D1 and D2), corresponding to the two
N-terminal fragments of DFF45 generated by caspase
cleavage, therefore define functional domains of
DFF45. However, though the isolated domains of
DFF45 were able to inhibit DFF40 nuclease activity,
we were unable to isolate these fragments as expected
during co-immunoprecipitation of DFF40 from mam-
malian cells. This low sensitivity of the immunopre-
cipitation assay and the existence of endogenous
DFF40/45 in the mammalian cells, led us to consider
alternative methods to further characterize the
DFF40/45 interaction in vitro.

The use of the Biacore systems (9, 10) allowed us to
quantify the interaction of the two inhibitory domains
and the third C-terminal domain of DFF45 with active
DFF40. Furthermore, we are able to map the binding
of these domains to two separate domains of DFF40.
This analysis, coupled with the results in the accom-
panying paper (8), allow us propose an integrated
model on the mechanisms of DFF45 chaperone and
inhibition activities and subsequent activation of
DFF40 by caspase 3.

MATERIALS AND METHODS

Plasmid construction and protein production and purification.
D40(A80) and D40(A117) fragments were expressed as C-terminal
His fusions from similar constructs as those used with DFF45 (8).
DFF40, DFF45 and truncated forms of DFF45 (D1, D2, D3, D1-2 and
D2-3) were generated and purified as described (8). Fragments of
DFF40 were purified from bacteria similar manner as described for
DFF45 (8). The fragments were first isolated on Ni** columns and
then further purified on a mono S column (Pharmacia).

BlAcore experiments. The experiments were performed on a BIA-
CORE 2000 machine in buffer D containing 100 mM KCI. DFF40 or
its fragments were immobilized to CM5 chips at pH 7 using the
amine coupling kit according to the manufacturer’s directions (BIA-
core AB). During Kinetic analysis, the analytes were in general
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FIG. 1. (A) Fragments of DFF45 and (B) DFF40 used in the

Biacore experiments characterizing the interaction of DFF45 with
DFF40. The solubility of the DFF40 and its fragments during ex-
pression were analyzed by Western blot analysis of whole cell (w) and
post-lysis supernatant (s) and pellet (p) fractions with anti-DFF40
antibodies.

injected to the flow cells at a flow rate of 10 ul/min and allowed to
bind for 3 minutes before allowing dissociation at the same flow rate.
DFF45, D1-2 and D2-3 were present at 10 uM concentration while
D1, D2, and D3 were present at 50 uM. Bulk effect and background
binding were controlled by subtracting the signal from a flow cell
containing either no bound protein or bound GST. For equilibrium
analysis, the KD was calculated from the plot of RU(eq)/C versus C
after allowing the binding to come to equilibrium at a flow rate of 3
wl/min. Shown in the figures are representational injections from
multiple examples.

RESULTS AND DISCUSSION

Monitoring DFF40/45 interactions with the BlIAcore
system. We purified DFF40, DFF45 and fragments of
DFF45 that correspond to the single and double frag-
ments of DFF45 expected after cleavage at the caspase
consensus sites in DFF45 (Fig. 1la). For the Biacore
experiments, DFF40 was immobilized on the chip sur-
face while DFF45 and its fragments were injected as
analytes in the soluble phase. DFF45 binding was
clearly observed by the increase in the resonance sig-
nal, which dissipated during the subsequent dissocia-
tion phase (Fig. 2). In addition, all three isolated frag-
ments of DFF45—D1, D2, and D3—gave rise to
increased mass on the chip surface indicating that they
each bind to DFF40 directly (Fig. 2). The kinetics of
interaction between D1 and DFF40 or D3 and DFF40
were rapid for both association and dissociation.
Within the time resolution of the BIlAcore machine,
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only traces of the kinetics were observed in the shallow
slope at saturation during the binding phase and in the
small tail during the dissociation phase. In contrast to
D1 and D3, the binding of D2 to DFF40 demonstrated
slower kinetics. However, the kinetics of D2 interaction
was qualitatively much different from that of full-
length DFF45 interaction with DFF40. In particular,
the dissociation of the isolated D2 domain was much
more rapid than full-length DFF45. We established the
dissociation constants (Ky) of D1, D2 and D3 for DFF40
at 18, 6 and 14 uM, respectively, by examining the
extent of equilibrium binding at various ligand concen-
trations (Inset, Fig. 2). The discreet binding of these
fragments reiterates their status as independent, func-
tional domains of DFF45 concluded from the accompa-
nying DFF40 nuclease inhibition study (8).
Consistent with the immunoprecipitation experi-
ments presented in the accompanying report (8), frag-
ments of DFF45 corresponding to double domains D1-2
and D2-3 demonstrated significantly more stable bind-
ing to DFF40 than isolated domains. The dissociation
phase for the double domain binding is much more
extensive than D2, the most stable single domain. The
increase in binding strength through inclusion of the
third domain was ca. 4X, reflected in the Kys of 10, 8,
and 2 nM for D1-2, D2-3 and full-length DFF45, re-
spectively, obtained by fitting of the observed data to

caspase 3
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FIG. 2. Interaction of DFF45 and its fragments to immobilized

DFF40 was observed by plasmon resonance using a BlAcore ma-
chine. Association was allowed to occur for 3 minutes at 10 wpl/min
followed by a period of dissociation. Curves were normalized to allow
clear comparisons of signal loss during the dissociation phase. The
arrow above the dissociation phase of DFF45 indicates the time point
when purified caspase 3 was injected. The kinetics associated with
D1, D2, and D3 were fast enough to allow KD determination based
on the extent of binding at various analyte concentrations. Shown in
the inset is the plot of relative binding/concentration (uM) as a
function of relative binding. K, for DFF45, D1-2, and D2-3 were
calculated from kinetic data assuming bivalent interaction.
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Interaction between domains of DFF45 and truncated forms of DFF40. (A) N-terminal truncations of DFF40, D40(A80), and

D40(A117) displayed an insolubility during expression in E. coli similar to that of full-length DFF40. W, P, and S represent the amount of
DFF40 presented in whole cell lysate (W), pellet (P), and supernatant (S) respectively. (B) Purified N-terminal fragments of DFF40 were
immobilized on BlAcore chips and analyzed for binding by fragments of DFF45. Curves were normalized to allow clear comparisons of signal.
(C) The K, of DFF45 D1 binding to D40(80) was determined by saturation binding at various concentrations of D1. (D) A weak signal

observed for D2-3 binding to D40(150).

binding curves assuming bivalent binding characteris-
tics (data not shown). Caspase 3 injection during the
dissociation phase resulted in a large increase in the
dissociation rate of bound DFF45—presumably due to
cleavage at caspase sites exposed on the DFF40/45
complex. This experiment graphically demonstrates
the mechanism of caspase activation of DFF40 is
through recognition of sites exposed on the DFF40/45
complex followed by proteolytic cleavage of DFF45,
resulting in rapid complex dissociation.

A fundamental finding of our studies is that DFF45
domain architecture consists of three fully independent
domains, in terms of their ability to bind to DFF40 as
well as repress DFF40 activity. The boundaries of
these functional domains (D1, D2 and D3) coincide

with the two caspase-cleavage sites. Furthermore, the
boundary of D1 also coincides with the extent CIDE-N
homology (11) while a putative coil-coil structure motif
additionally delineates the C terminal extent of D2
(data not shown). While all three domains bind to
DFF40 with relatively low affinity (uM Kj), synergistic
binding strength was observed when two domains were
covalently linked together (D1-2, D2-3 and full length
DFF45, low nM K,;). This synergism appears to arise
from the cumulative effect of the individual binding
strengths as no evidence of interactions between
DFF45 domains was observed. As demonstrated in the
accompanying paper (8), repression was found to be
fully encoded in individual domains. Taken together,
our data clearly indicate a repression mechanism
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based on synergistic binding of DFF45 domains to
DFF40 and subsequent activation through disruption
of the binding synergy by caspase cleavage.

Localization of DFF45 binding sites in DFF40. To
better understand the mechanism of DFF45 activities
in regard, we constructed several N-terminal and
C-terminal truncations of DFF40 and isolated the re-
combinant proteins for analysis with BlAcore (Fig. 1b).
Unfortunately, both N-terminal deletions [D40(A80)
and D40(A117)] could not be expressed as soluble pro-
tein (Fig. 1b). In contrast, all three C-terminal trunca-
tions D40(80), D40(117) and D40(150) were found to be
either predominantly soluble or, in the case of
D40(150), partially soluble. Considered together, these
observations localize the elements in DFF40 inferring
the insolubility observed in vitro and during expression
in E. coli. These insoluble elements map distal to res-
idue 117 of DFF40 with the strongest elements map-
ping distal to residue 150.

The D40(80) fragment of DFF40 was defined by its
homology to sequences within D1 of DFF45 and in
N-terminal sequences of CIDE-A and CIDE-B (data not
shown; 11, 12). BlAcore analysis reveals that these
homologous regions fully define the interaction of
DFF45 D1 to DFF40 (Fig. 3). D1 binding to D40(80)
immobilized on the chip was nearly identical to that
with full-length DFF40, with a measured K; of 16 uM
(Fig. 3, panel C). Furthermore, no alteration in binding
was observed by the additional domains in D1-2 and
full-length DFF45 and no interaction of isolated D2 or
D3 with D40(80) was observed by BlAcore (data not
shown). In conclusion, D1 binding maps exclusively to
D40(80), an homologous, soluble and functional do-
main of DFF40, while D2 and D3 bind exclusively to
more distal elements.

BlAcore analysis with the two additional C-terminal
truncations of DFF40, D40(117) and D40(150), allowed
refinement of the binding of the remaining DFF45 do-
mains, D2 and D3. While the binding of D1-2 to immo-
bilized D40(117) was similar to that observed with the
isolated D1, full-length DFF45 had much more stable
binding, indicating that D3 binding maps in part to the
region between residues 81 and 117. The stabilization
of binding of full-length DFF45 relative to D1-2 was
even more enhanced with D40(150) immobilized on the
chip. In addition, a very weak signal was observed
during injection of double domain D2-3 (Fig. 3, panel
D). This signal was qualitatively very different from
that observed for isolated D3 binding to DFF40 but
similar to that observed for D2 (Fig. 2). This suggests
that partial D2 binding may be present in the residues
up to 150, probably distal of residue 117, allowing for
the additional stabilization of DFF45 binding. How-
ever, as neither isolated domain D2 or D3 gave rise to
any signal during BlAcore analysis with these
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FIG. 4. Mechanism of DFF45 chaperone and repression func-
tions with DFF40 and subsequent activation by caspase. DFF45
(consisting of independent domains D1, D2, and D3) initiates inter-
action during translation of DFF40 from the ribosome, when the N
terminal domain of DFF45 (D1) binds exclusively to a soluble domain
(A) containing the first 80 residues of DFF40 with rapid Kinetics.
This initial binding is critical for expression of soluble DFF40 pre-
sumably through stabilization of D2's binding to distal regions of
DFF40 inferring insolubility (dark area). The high stability of the
DFF40/45 complex guarantees concomitant repression as well as
solubility of DFF40. Similar stability is also observed for complexes
containing only two adjacent DFF45 domains, which may play roles
in alternative DFF40 regulatory pathways. Binding of either D1 or
D2 is sufficient to block nuclease activity, suggesting that the
N-terminal domain of DFF40 functions to Activate (A) the distal
Catalytic domain (C). Inhibition thus occurs independently through
sequestration of the Activator domain by D1 or blockage of the
catalytic domain by D2. Caspase activation of DFF40 occurs after
two interdomain sites of DFF45 in the DFF40/45 complex is recog-
nized and cleaved. Cleavage at the interdomain sites disrupts syn-
ergistic binding of DFF45 domains resulting in rapid dissociation of
the complex and activation of DFF40 as a nuclease.

C-terminal truncations (data not shown), the residues
up to 150 do not fully encode a binding site for either.

Integrated model of the interaction of DFF45 with
DFF40. Our discovery that the first 80 residues of
DFF40 form a stable and soluble fragment encoding
full binding to D1 leads to the consideration of this
region as a functional domain or subdomain of DFF40.
Such domain assignment is also consistent with the
limited homology observed between this region and
residues in D1. Exclusive binding of D1 inhibitor do-
main to this region of DFF40 demonstrates the critical
role of this N-terminal domain in DFF40’s nuclease
activity. The simplest interpretation is that this do-
main of DFF40 interacts with, and subsequently acti-
vates, the distal C-terminal domain. In such a model,
the N-terminal domain then functions as an Activator
domain and the C-terminal domain thus functions as
the Catalytic domain (Fig. 4). D1 functionally seques-
ters this Activator domain by binding to this region. A
related proposal of a regulatory domain encoded by the
N-terminal half of DFF40 was made in a recent publi-
cation where partial nuclease activity was reported to
be associated with C-terminal region of DFF40 (12).
Unfortunately, we found C-terminal region of DFF40
to be insoluble during bacterial expression and could
not be isolated as an active protein. We note in this
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model that an economic mechanism of D2 inactivation
is blockage of the active site in the C-terminal domain
of DFF40.

One apparent paradox in these two studies is the strict
requirement of D1 for maturation of DFF40 in vivo (8)
despite the mapping of D1 binding region to the first 80
residues, a functional domain of DFF40 that can be ex-
pressed as a predominately soluble protein in the absence
of DFF45. It is possible to reconcile these observations by
considering the observation from BlAcore experiments
that D2 has much slower kinetics of dissociation from
and association with DFF40 in comparison to D1. It is
reasonable to assume that the rapid kinetics of D1 allows
it binds to nascent DFF40. Such initial interaction may
thus be critical for the subsequent slow binding of D2
during the rapid translation phase, keeping DFF40 in the
pathway towards maturation. Interestingly, we found
the elements of DFF40 responsible for insolubility to map
to the region coinciding with D2 binding. These observa-
tions lead to the conclusion that binding of D2 domain to
DFF40, thus preventing aggregation, is the main compo-
nent to DFF45's function as a chaperone for DFF40. As
stable binding of D2 requires covalent linkage to either
D1 or D3, solubilization of DFF40 is concomitant with
stable repression.
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