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Cellular FLICE-inhibitory protein (c-FLIP.) is a key regulator of the
extrinsic cell death pathway. Although widely regarded as an
inhibitor of initiator caspase activation and cell death, c-FLIP, is also
capable of enhancing procaspase-8 activation through heterodimer-
ization of their respective protease domains. However, the underly-
ing mechanism of this activation process remains enigmatic. Here, we
demonstrate that cleavage of the intersubunit linker of c-FLIP_ by
procaspase-8 potentiates the activation process by enhancing het-
erodimerization between the two proteins and vastly improving the
proteolytic activity of unprocessed caspase-(C)8. The crystal structures
of the protease-like domain of c-FLIP. alone and in complex with
zymogen C8 identify the unique determinants that favor het-
erodimerization over procaspase-8 homodimerization, and induce
the latent active site of zymogen C8 into a productive conformation.
Together, these findings provide molecular insights into a key aspect
of c-FLIP, function that modulates procaspase-8 activation to elicit
diverse responses in different cellular contexts.
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poptosis is a cellular suicide program essential for early
development, tissue homeostasis, and immune system main-
tenance in all metazoans (1, 2). This program is executed by a family
of cysteine proteases known as caspases, which are synthesized as
latent zymogens, and are activated in a hierarchical manner as
initiators and effectors of the cell death process (3). In the extrinsic
cell death pathway, ligands such as FasL/CD95L directly engage
their cognate death receptors at the cell surface to recruit and
activate the initiator caspases (4). This process occurs through
homotypic death domain (DD) interactions between the intracel-
lular portion of the Fas receptor and the adaptor protein FADD,
and homotypic death effector domain (DED) interactions between
FADD and the N terminus of procaspase-8 or procaspase-10. The
resulting activation platform constitutes the death-inducing signal-
ing complex (DISC) (5), effectively homo-oligomerizing and acti-
vating the protease domains of procaspase-8 and procaspase-10.
Once activated and processed to the mature form, these initiator
caspases then cleave and activate the effector caspases, which
ultimately proteolyze and dismantle the contents of the cell.
During the early stages of death receptor signaling, the key
regulatory proteins c-FLIP;, c-FLIPs, and c-FLIPr are also re-
cruited to the DISC, where they modulate activation of pro-
caspase-8 and procaspase-10 (6, 7). The long form of FLIP (c-
FLIPy) is highly homologous to procaspase-8 and procaspase-10,
possessing the same architecture with tandem DEDs at its N
terminus (the prodomain) and a protease-like domain at its C
terminus that is catalytically inactive. The short forms (c-FLIPs and
c-FLIPRr) by contrast primarily contain the N-terminal DEDs. All
forms of FLIP are widely accepted as antiapoptotic proteins that
compete with procaspase-8 for recruitment into the DISC via their
DEDs when expressed at high levels. However, some evidence
supports an additional role for c-FLIPy, as a procaspase-8 activator
that can significantly improve Fas-mediated apoptosis when ex-
pressed at much lower and more physiological levels (8). In this
proapoptotic context, the protease-like domain of c-FLIP is
thought to heterodimerize with and allosterically activate the
protease domains of procaspase-8 and procaspase-10 (8—10). The
combined dual regulatory function of c-FLIP; is poorly understood,
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and it is further confounded by the notion that in some instances
c-FLIP. intricately modulates procaspase-8 activation below a
certain threshold to elicit nonapoptotic signals that emerge from
death receptors (11, 12).

The contrasting cellular fates induced by c-FLIP; suggest a
prominent yet complex role for its ability to enhance initiator
caspase activation. However, the underlying molecular mechanisms
remain poorly defined, especially given the fact that stable associ-
ation between the isolated protease domains of both proteins has
yet to be demonstrated under physiological ionic strength in vitro.
Current evidence indicates that prodomain oligomerization at the
DISC drives the inherently weak protease domain heterodimeriza-
tion. Yet, in this context, it is still unclear precisely how the protease
domains of procaspase-8 and c-FLIP; are forced together to
dramatically enhance initiator caspase activation. Are the interac-
tions regulated in response to procaspase-8 activation, and if so,
how? Activated procaspase-8 may cleave itself as well as c-FLIP;..
What are the biochemical consequences of these cleavage events?
Answers to these important questions remain elusive, and in
general, the mechanism of ¢-FLIP; -mediated procaspase-8 activa-
tion beyond the notion of heterodimerization remains to be eluci-
dated. Here, we report a systematic biochemical and structural
investigation aimed at uncovering this key aspect of c-FLIPy,
function.

Results

c-FLIP. Is Preferentially Cleaved by Zymogen and Mature Caspase-(C)8.
Upon activation of the Fas receptor, c-FLIPy (hereafter referred
to as FLIP) is efficiently cleaved between the large and small
subunits of its protease-like domain by C8 at the DISC (6, 13).
To investigate the functional consequence of FLIP processing in
vitro, we reconstituted a C8 activity assay using various enzymes
and substrates lacking their prodomains (Fig. 14). The isolated
protease domain of zymogen C8 was rendered uncleavable
through mutations of the 2 intersubunit processing sites, D359A
and D369A. As anticipated, the single-chain zymogen
C8(D359A/D369A) (hereafter referred to as z-C8) exhibited no
detectable activity and was unable to cleave the substrate
C8(C345A-active site mutant) (Fig. 1B). In sharp contrast, z-C8
acquired robust activity in the presence of FLIP, and readily
cleaved FLIP to completion within 40 min (Fig. 1C). These
results can be explained by 2 scenarios: preferred substrate
specificity for FLIP or FLIP-mediated activation of z-C8 through
heterodimerization. To differentiate between these 2 possibili-
ties, we generated FLIP(Q468D), which retains the same cleav-
age site for C8, but possesses a mutation that is designed to
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Fig. 1. Zymogen and mature C8 preferentially cleave FLIP as a substrate over
C8(C345A). (A) Schematic representation of purified proteins used through-
out this study. (B-E) Time course of C8(C345A) and/or FLIP cleavage by z-C8. (F
and G) Time course of C8(C345A) or FLIP cleavage by mature C8.

sabotage the putative heterodimerization interface.
FLIP(Q468D) was barely proteolyzed by z-C8 (Fig. 1D), con-
firming the latter explanation. Thus, these results are consistent
with published data (8-10), and indicate that FLIP potently
activates z-C8 through heterodimerization.

Using this in vitro system, we asked whether z-C8 activated by
FLIP can preferentially cleave FLIP or C8(C345A). When incu-
bated with both substrates simultaneously, z-CS8 first cleaved FLIP
within 5 min and then visibly processed C8(C345A) after 30 min
(Fig. 1E). Similarly, for mature C8, cleavage of FLIP was consid-
erably faster than cleavage of C8(C345A) (Fig. 1 F and G). Thus,
our findings identify FLIP as the preferred substrate for both
zymogen and mature C8, which correlate well with the observation
that FLIP is cleaved before procaspase-8 at activated death recep-
tors in cells (8).

Processed FLIP Significantly Enhances z-C8 Activity. Next, we asked
why FLIP is a preferred substrate for z-C8. One attractive hypoth-
esis is that cleaved FLIP may significantly enhance the proteolytic
activity of z-C8, thus providing a positive feedback to procaspase-8
activation. To examine this possibility, we generated 2 variants of
the FLIP protease domain, processed (2-chain) and uncleavable
(D376A) (Fig. 14), and assessed their ability to stimulate z-C8
activity by using the fluorogenic substrate Ac-Ile-Glu-Thr-Asp-7-
amino-4-trifluoromethylcoumarin (Ac-IETD-AFC). To facilitate
heterodimerization between FLIP and z-C8, 10-fold molar excess of
FLIP was used in these assays. Although z-C8 alone exhibited an
undetectable level of proteolytic activity, it acquired a basal level of
activity in the presence of FLIP(D376A) (Fig. 24). Strikingly, this
activity was increased >10-fold in the presence of processed FLIP
(Fig. 2A4). In a similar experiment, z-C8 was allowed to cleave FLIP
into the 2-chain form to various degrees, by incubation at room
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Fig. 2. Processed FLIP activates z-C8 more efficiently than unprocessed FLIP

through enhanced heterodimerization. (A) z-C8 exhibits 10-fold greater ac-
tivity in the presence of FLIP(2-chain) than with FLIP(D376A). Activity was
determined by cleavage of Ac-IETD-AFC. RFU, relative fluorescence units. (B)
The degree of FLIP processing directly correlates with its ability to activate
z-C8. The SDS/PAGE gel (Right) shows FLIP cleavage achieved at each time
point immediately before activity assay. (C and D) Cleavage of catalytically
inactive procaspase-3(C163A) by z-C8 in the presence of FLIP(2-chain or
D376A). (E and F) FLIP(2-chain) readily forms a tight complex with z-C8 in the
presence of inhibitor, whereas FLIP(D376A) does so rather inefficiently, as
shown by gel filtration. Note, in the absence of inhibitor (black traces), neither
form of FLIP could stably associate with z-C8. AU, absorbance unit.

temperature for 1, 15, and 30 min, and then immediately assayed for
proteolytic activity. The result showed that the activity of z-C8
nicely correlates with the degree to which FLIP is processed
(Fig. 2B).

In parallel to the fluorogenic assay, we also examined the
ability of z-C8 to cleave a natural substrate, full-length pro-
caspase-3(C163A), in the presence of processed or uncleavable
FLIP. Similar to results shown in Fig. 24, z-C8 in the presence
of processed FLIP, but not FLIP(D376A), promoted rapid and
substantial processing of procaspase-3(C163A) (Fig. 2 C and D).
Together, these data unambiguously demonstrate that unproc-
essed FLIP is capable of activating z-C8 to a basal level, but after
being processed, FLIP can dramatically elevate the proteolytic
activity of z-C8.

Processed FLIP Exhibits Enhanced Heterodimerization with z-C8. The
ability of processed FLIP to markedly enhance z-C8 activity sug-
gests that it might heterodimerize with z-C8 more efficiently than
uncleavable FLIP. To examine this possibility, we used gel filtration
to detect the interaction between these proteins. At physiological
ionic strength, no stable interaction was detected between z-C8 and
either version of FLIP. Previous studies showed that weak associ-
ation between these protease domains can be strengthened by
addition of the C8 inhibitor Ac-IETD aldehyde (Ac-IETD-cho) (9,
10). When this strategy was used, a small fraction of total protein
was found to form a stable heterodimer between z-C8 and
FLIP(D376A) (Fig. 2E). In sharp contrast, processed FLIP exhib-
ited a markedly enhanced ability to stably associate with z-C8 (Fig.
2F). These findings indicate that cleavage of FLIP significantly
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Fig.3. Structure of unprocessed FLIP. (A) Ribbon diagram of FLIP. The loops
shaping the active site are labeled L1-L4. The L2 and L2’ portions leading to
the disordered and uncleaved intersubunit linker are identified by dotted
lines. (B) Structural overlay of FLIP and a single protomer of the mature C8
dimer bound to inhibitor (red stick model). (C) Overlay of the active site of
mature C8 with the corresponding region in FLIP. For clarity, this view is
oriented differently than in A and B (=180° y-axis rotation). The active site
cysteine in L2 of C8 is highlighted in yellow and the bound inhibitor shown in
red. (D) Surface representation of the active site of mature C8 and the
corresponding region in FLIP (same orientation as C).

improves its ability to form a heterodimer with z-C8. These data
(along with data from Fig. 2 A-D) further indicate that improved
heterodimerization between processed FLIP and z-C8 in the ab-
sence of inhibitor is inherently weak, but efficiently transforms the
latent active site of z-C8 into a productive conformation to promote
high catalytic activity; stabilization of the competent active site
through the tightly bound inhibitor Ac-IETD-cho in turn locks
heterodimeric interactions between both proteins to form an arti-
ficially stable complex in solution (Fig. 2F).

Structure of the Protease-Like Domain of FLIP. To understand the
structural basis of FLIP function, we crystallized unprocessed FLIP

Mzymogen caspase-8  MFLIP large subunit

complex overlayed with B unprocessed FLIP

(residues 209-480) and determined its structure at 2.2-A resolution
(Fig. 3; Table S1). The protease-like domain of FLIP exhibits 28%
sequence identity and 44% sequence similarity with the corre-
sponding domain of C8. As anticipated, this region of FLIP adopts
awell-defined caspase fold, consisting of a large subunit and a small
subunit linked together by a flexible intersubunit sequence that is
largely disordered in the structure (Fig. 34). The core structural
elements of FLIP comprise a central, 6-stranded B-sheet, with 2
a-helices residing on one side and 3 a-helices on the other (Fig. 34).
Compared with the structure of mature C8 (14, 15), the FLIP
monomer can be superimposed over a single protomer of the C38
dimer with a rmsd of 1.8 A over 175 C* atoms (Fig. 3B). Despite
the resemblance of the overall fold, important structural differences
are evident in the 4 loops (L1-L4) that comprise the active site
pocket of caspases (Fig. 3C). Specifically, L3, a critical loop that
forms the base of the active site groove and takes part in numerous
interactions with substrate, is replaced by an a-helix that protrudes
into and occupies the catalytic groove. Also, L1 is considerably
shortened in FLIP. The combined effect of these structural changes
in FLIP results in the absence of an active site groove observed in
the mature form of C8 (Fig. 3D). These structural features are fully
consistent with the fact that FLIP itself is not a protease, but rather
an important regulator of proteases.

Structure of z-C8 Bound to Processed FLIP. To decipher the molecular
basis of procaspase-8 activation by FLIP, we sought to determine
the structure of z-C8 bound to the protease-like domain of FLIP.
A prerequisite for crystallization is formation of a stable het-
erodimer between z-C8 and FLIP. Using high protein concentra-
tions and prolonged preincubation in the presence of Ac-IETD-
cho, we were able to convert the vast majority of z-C8 into a stable
heterodimeric complex with processed FLIP at physiological pH
and ionic strength (Fig. S1). The complex was subsequently crys-
tallized, and the structure was determined at 1.9-A resolution
(Fig. 4; Table S1).

In the heterodimeric complex, z-C8 and processed FLIP associ-
ate with each other primarily through their respective 6 strands in
an antiparallel orientation (Fig. 44). The structure of FLIP in this
complex is nearly identical to that of the isolated, unprocessed
FLIP, with an rmsd of 0.55 A over 198 C* atoms (Fig. 4B). The
structural similarity covers the entire molecule, including the L3
loop that protrudes into the putative active site groove. This analysis
indicates that FLIP does not undergo significant conformational
changes on heterodimerization with z-C8 or after proteolytic pro-

-Loop bundle
region

-B6 interface
-Closed L2' loop

complex overlayed with Bimature caspase-8 dimer

Fig.4. Structure of processed FLIP in complex with z-C8. (A) Ribbon diagram of the heterodimeric complex. Here, and in the following figures, the active site cysteine

in L2 of z-C8 is highlighted in yellow and the bound inhibitor is shown as a red stick model. (B) Structural overlay of isolated unprocessed FLIP with processed FLIP bound
to z-C8. For clarity, this view is oriented differently than in A and C (=180° z-axis rotation). (C) Structural overlay of the heterodimeric complex with the mature C8 dimer
(same orientation as A). Three significant regions of contact between FLIP and z-C8 are indicated: the 86 interface (Fig. 5), the closed L2’ loop of z-C8 (Fig. 6), and the
loop-bundle region (L2’ of one monomer engages L2 and L4 of the adjacent monomer; Fig. 7). Another region of contact, not visible here, is shown in Fig. S3.
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cessing. z-C8 in this complex is bound to the inhibitor Ac-IETD-cho
and trapped in an active conformation that is virtually identical to
that observed in the mature C8 structure (14, 15), with an rmsd of
0.46 A over 222 C* atoms (Fig. 4C). Heterodimerization results in
the burial of ~3,440 A? of exposed surface area.

The B6-Strand Dimerization Interface. The primary interface be-
tween z-C8 and FLIP occurs through specific and antiparallel
association of their B6-strands (Fig. 44). At the center of this
interface are 8 intermolecular H bonds, including 2 main-chain
interactions between carbonyl oxygen atoms of Pro-451 and Phe-
453 in z-C8 and amide nitrogen atoms of His-469 and Leu-467 in
FLIP, respectively (Fig. 54). FLIP also uses the side chains of
Arg-337 and GIn-468 to engage GIn-450 and Thr-452 in z-C8
(Fig. 54).

Although zymogen procaspase-8 homodimerization is energeti-
cally unfavorable and currently undefined, the 86 interface of this
activation intermediate is likely to resemble the mature C8 dimer
(Fig.4C) (14, 15). This interface involves 4 H bonds, including a pair
of main-chain interactions within B6-strands, between carbonyl
oxygen of Pro-451 and amide nitrogen of Phe-453, and 2 additional
interactions immediately adjacent to the B6-strands, between car-
bonyl oxygen of Leu-455 and the side chain of Asn-432 (Fig. 5B).
Compared with the B6-strand interface of the z-C8/FLIP het-
erodimer, the putative zymogen C8 homodimer contains only half
as many H bonds in this region. Thus, the increased H-bond
capacity endowed by FLIP at this interface likely represents an
important factor that favors heterodimerization over zymogen
procaspase-8 homodimerization to promote enhanced caspase
activation.

Sequence analysis reveals that the residues involved in het-
erodimerization at the B6-strand interface are highly conserved
(Fig. 5C). All residues involved in main-chain interactions between
FLIP and z-C8 are invariant, and most residues involved in side-
chain interactions are conserved. The conservation of amino acids
within and surrounding the 6 interface indicates that the specificity
of interactions between procaspase-8 and FLIP is likely maintained
across different species. This observation also provides a plausible
explanation as to why FLIP heterodimerizes with and activates
procaspase-10, which possesses the conserved elements required
for heterodimerization, but is unable to do so with procaspase-9,
which is largely divergent in the same regions (Fig. 5C).

The L2’ Loop of z-C8 Exists in a Closed Conformation. Maturation
cleavage in the intersubunit sequence of each procaspase-8 zymo-
gen allows translocation of their L2 and L2’ loops from the center
of the dimer to the periphery, where they stabilize the active site
conformation and solidify mature C8 dimerization through a pair
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Fig. 5. The B6-strand dimerization interface.
(A) Stereoview of the (6 interface between
z-C8 (blue) and FLIP (green and orange). (B)
Stereoview of the 86 interface in the mature C8
dimer, which is predicted to reflect the zymo-
o gen procaspase-8 homodimer. (C) Sequence
alignment of regions from FLIP and C8 involved
in heterodimerization at the 86 interface. Con-

3

4

473) two proteins are colored red. Residues involved
in main-chain (black circles) and side-chain
(gray squares) interactions are noted.

of trans 1.2'-L2 or loop—bundle interactions (Fig. 4C; see below) (3,
14, 15). In the heterodimer between z-C8 and processed FLIP, the
intersubunit sequence of z-C8 is uncleaved; consequently the L2’
portion of this sequence is oriented in the opposite direction and
tethered in the center of the complex, resulting in a closed confor-
mation (Fig. 4C and Fig. 6). This conformation is similar to the
closed configuration previously observed in the structure of the
latent procaspase-7 zymogen (16, 17). However, unlike the pre-
dominantly van der Waals contacts observed in procaspase-7 (16,
17), the interactions that secure the closed L2’ loop in this complex
mainly involve a network of 11 intra- and intermolecular H bonds
(Fig. 6). Arg-376 of z-C8 appears to play a central role, mediating
3 H bonds to Ser-318 and Trp-466 of FLIP. Within this network,
z-C8 also forms an intramolecular H bond between Tyr-377 of L2’
and GIn-346 of L2, which may contribute to the stability of the
active site by properly positioning the catalytic residue Cys-345 for
substrate catalysis.

To determine whether the closed L2’ configuration can be
accommodated during zymogen procaspase-8 homodimerization,
we generated a dimeric model of our z-C8 structure using the
mature C8 structure as a template (14, 15). This model reveals
significant multiple steric clashes at the homodimeric interface
incurred by the closed L2 loop (Fig. S2). In particular, Asp-380
within L2’ of one monomer occupies the same space as Val-391 of
the adjacent monomer; this clash likely impedes proper arrange-
ment of the L3 loop and consequently disrupts formation of the
active site. Also, the close proximity of Arg-376 within L2’ to
Tyr-377 from the opposing L2’ would negate the stabilizing role of
the L2 loop mediated by Tyr-377. Thus, the closed L2’ configura-

Fig. 6. Shown in stereo, the L2’ of z-C8 (cyan) resides in a closed conforma-
tion and directly interacts with FLIP (green and orange).
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yd

Fig.7. (C8loop-bundle interactions. (A) Stereoview of the L2’ of FLIP (orange)
forming partial loop-bundle interactions with z-C8 (blue). (B) Stereoview of
loop—bundle interactions in the fully processed mature C8 dimer. The L2’ of 1
monomer (gray) engages the active site of the adjacent monomer (magenta).

tion may be a unique feature in the FLIP/z-C8 complex, contrib-
uting additional binding energy between both proteins and possibly
facilitating productive arrangement of active site loops.

Additional Interfaces Between FLIP and z-C8. As described above,
intersubunit cleavage of each unprocessed C8 allows the released
L2’ of one monomer to engage L2 and L4 of the adjacent monomer
to form 2 sets of loop—bundle interactions (Fig. 4C). In this manner,
the L2 loop functions as a critical structural element to facilitate
formation of functional active sites (16—18). In the structure of z-C8
bound to processed FLIP, the L.2" loop of FLIP is mostly disordered
(Fig. 4). Accordingly, Arg-397 and Val-395 within the remaining
portion of L2’ of FLIP form only 2 H bonds with Asn-349 and
Gln-351 in the L2 loop of z-C8 (Fig. 74). Consequently, L4 within
z-C8 is not stabilized and is disordered in the structure. By
comparison, the fully processed mature C8 dimer forms an array of
H bonds within the loop-bundle, which stabilizes homodimeriza-
tion, as well as a productive conformation at each active site (Fig.
7B). The absence of these extensive interactions in the FLIP/z-C8
complex explains why protease domain heterodimerization is sig-
nificantly weaker than mature C8 homodimerization (Fig. 2F, in the
absence of inhibitor), and it lends insight into why the heterodimer
activity is not as robust as the mature C8 homodimer (Fig. 1 E-G).

In addition to the interfaces described above, the N terminus of
the protease-like domain of FLIP interacts with a4/a5 of z-C8. The
main-chain amide of Glu-241 and the side-chain carboxylate of
Glu-242 in FLIP H-bond with the side chains of Glu-430 and
Tyr-433, respectively (Fig. S3). The main-chain carbonyl oxygen of
GIn-237 in FLIP also accepts a pair of charge-stabilized H bonds
from Arg-417 in z-C8. These interactions appear to be unique to the
heterodimeric complex and are absent from the mature C8
homodimer.

Discussion

How does c-FLIPy, facilitate activation of procaspase-8? The cur-
rent view is that prodomain interactions of the two proteins at the
DISC force together the weakly associated protease domains to
mediate enhanced initiator caspase activation. However, beyond
this notion, the mechanistic basis of this critical process is poorly
understood. In this study, we report several closely linked findings.
First, we demonstrate that z-C8 preferentially cleaves FLIP over
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itself (Fig. 1). The accelerated cleavage of FLIP by z-C8 was mainly
due to FLIP-mediated activation of z-C8 through heterodimeriza-
tion (Fig. 1D). Second, we show that, compared with unprocessed
FLIP, processed FLIP markedly elevated the proteolytic activity of
z-C8 (Fig. 2 A-D). The underlying explanation for this observation
was found to be the enhanced ability of processed FLIP to form a
heterodimeric complex with z-C8 (Fig. 2 E and F). Each property
(preferred heterodimerization over z-C8 homodimerization, pre-
ferred cleavage of FLIP by z-C8 over itself, and enhancement of
z-C8 activity by processed FLIP) directly engenders the subsequent
property. The net consequence of these preferences is marked
acceleration of procaspase-8 activation to the mature and fully
processed form under conditions where FLIP is not effectively
sequestered by other signaling proteins (see below and Fig. S4).
Thus, based on our findings, proteolytic cleavage of FLIP contrib-
utes an additional layer of positive regulation to procaspase-8
activation by further lowering the energetic barrier to heterodimer-
ization. In contrast to our work, a previous study has suggested that
FLIP processing is not required for procaspase-8 activation; how-
ever, those experiments were performed in nonphysiological con-
ditions that did not directly compare the effects of processed versus
unprocessed FLIP (10), as demonstrated in our report. Indeed, our
overall conclusion is supported by the observation that the uncleav-
able form of FLIP compared with the normal form exhibits a
weaker ability to facilitate C8 autoprocessing in vitro and promote
apoptosis in cell culture (8).

It is important to note that our in vitro studies were performed
with recombinant forms of FLIP and C8 lacking their DEDs. In this
context, the interaction between the isolated protease domains of
FLIP(2-chain and D376A) and z-C8 is such low affinity that
heterodimerization cannot be detected at all by gel filtration.
Rather, stable association between both proteins is induced artifi-
cially only by addition of the active site inhibitor Ac-IETD-cho (Fig.
2F). This observation likely reflects the enhanced ability of FLIP to
transiently convert the latent procaspase-8 into an active confor-
mation when both proteins are anchored to the DISC and clustered
together by their prodomains. During apoptosis, we predict the
relatively weak protease domain heterodimerization that facilitates
transient activation (and subsequent cleavage of FLIP and pro-
caspase-8; Fig. 1E) also ensures rapid dissociation of FLIP protease
domain to allow stable homodimerization of fully processed mature
C8 and its release from the DISC to occur. Rapid dissociation
would also allow processed FLIP protease domain to transiently but
potently activate all neighboring molecules of procaspase-8 it
encounters at the DISC to accelerate C8 autoproteolysis. Thus,
although full-length FLIP and procaspase-8 do stably associate at
the DISC through their prodomains during death receptor signal-
ing, their protease domains do not necessarily form a stable
heterodimeric enzyme with unique properties.

In light of inherently weak protease domain interactions de-
scribed, how does FLIP specifically recognize zymogen C8 to
produce an active conformation? Our structural data provide
detailed molecular insights. In one region, the unprocessed inter-
subunit linker (closed L2") of z-C8 is unexpectedly fixed in the
central groove between the two proteins (Fig. 4C and Fig. 6). This
loop is uniquely held in place through a network of H bonds that
also contact FLIP and stabilize the active site of z-C8. In another
region, the N terminus of the protease domain of FLIP forms
additional H bonds with a4/a5 of z-C8 (Fig. S3). These interactions
likely contribute additional binding energy that favors association
with FLIP. Aside from these contacts, the most critical and highly
conserved determinant of heterodimerization resides at the B6-
strand interface (Fig. 5 A and C). Importantly, FLIP has an
improved capacity to H-bond with z-C8 within this region as
compared with the putative zymogen C8 homodimer. Overall,
these structural features may greatly facilitate heterodimerization
with FLIP over zymogen procaspase-8 homodimerization to pro-
mote enhanced initiator caspase activation.
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One structural element that may contribute to procaspase-8
activation is the L2’ loop of FLIP, which is largely disordered, but
still forms 2 H bonds with the active site of z-C8 (Fig. 74). These
contacts, in conjunction with an H bond directed to the active site
via the closed L2’ loop of z-C8, may play a decisive role (Fig. 6).
Allosteric regulation emanating from the B6 interface may also
enable proper ordering of the active site to achieve catalytic
competency (Fig. 54). Recent studies of caspase-1 and caspase-7
revealed that compounds targeting the dimerization interface, ~15
A away from the active site, can propagate structural changes that
ultimately deform the active sites (19, 20). Perhaps the most
convincing observation from our work in support of this conjecture
emerges from the fact that the 6 interface is the most conserved
element among all of the regions of contact between FLIP and z-C8
(Fig. 5C). This region forms the majority of heterodimerization
contacts, possibly stabilizing the B6-strand and neighboring ele-
ments in a productive configuration. Together, these structural
insights along with our biochemical analysis give rise to a coherent
molecular explanation of FLIP-mediated activation of procaspase-8
(Fig. S4).

In the context of nonapoptotic signaling, the transient nature of
FLIP and z-C8 protease domain heterodimerization may contribute
to the multifaceted function of FLIP as well (Fig. S4). Current
studies indicate that cleavage of FLIP by procaspase-8 also pro-
motes recruitment of TRAF2, RIP1, and the regulatory subunit of
the IKK complex to FLIP to activate NF-«B (21-23). Under
nonapoptotic conditions, unprocessed FLIP may activate pro-
caspase-8 to a moderate level such that only FLIP itself and possibly
other substrates located nearby are cleaved. Because of weak
protease domain heterodimerization, processed FLIP may then
interact with TR AF2 and RIP1 in a manner that occludes its ability
to potentiate procaspase-8 activation. Our observation that FLIP is
preferentially cleaved by procaspase-8 suggests that this early event
may function as a critical switch point to ensure activation of other
signaling pathways without eliciting autoproteolysis of initiator
caspases, which would likely lead to cell death. This model, although
speculative, suggests that FLIP-mediated activation of procaspase-8
can be modulated in a graded and controlled manner required to
induce NF-kB and other nonapoptotic signaling pathways. Future
studies should be directed at investigating how other factors are
integrated with FLIP to modulate different signaling pathways
emerging from a protease normally associated with cell death.
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Materials and Methods

Protein Preparation. Variants of C8 (202-464) and FLIP (209-480) were cloned
into pET21b and pET15b (Novagen), respectively. All were expressed in Esche-
richia coli BL21(DE3) and purified by Ni-NTA (Qiagen). The N-His tag of all FLIP
variants was removed by thrombin treatment. All were further fractionated by
using Source-15Q and Superdex-200 (GE Healthcare). FLIP was further treated
with trypsin to generate FLIP(2-chain). The FLIP(2-chain)/z-C8 complex was as-
sembled by incubating in an equimolar ratio for 1 h at 25 °Cin the presence of 10
mM DTT followed by treatment with 2:1 molar ratio of Ac-IETD-cho (BD Bio-
sciences). Preparation of procaspase-3(C163A) has been previously described (18).

C8 Activity Assays and Gel Filtration Analysis. All assays were performed in 20
mM Hepes (pH 7.5), 150 mM NacCl, and 10 mM DTT at 25 °C. For Fig. 1, substrate
concentrations were fixed at 12.8 uM, while enzyme concentrations of z-C8 and
mature C8 were fixed at 6.4 and 3.2 uM, respectively. For Fig. 2 Cand D, z-C8 and
FLIP(2-chain or D376A) were fixed at 6.4 uM, whereas PC3(C163A) was fixed at
12.8 uM. Reactions were stopped by boiling in loading buffer at noted time
points and products were visualized by SDS/PAGE. For Fig. 2A, z-C8 was mixed
with FLIP(2-chain or D376A) to a final concentration of 0.2 and 2 uM, respectively,
and incubated for 5 min before addition of Ac-IETD-AFC (final concentration of
200 uM; BD Biosciences). Ac-IETD-AFC hydrolysis was assessed by using a Hitachi
F2500 fluorescence spectrophotometer (excitation 400 nm; emission 505 nm). For
Fig. 2B, z-C8 and regular FLIP were preincubated at 2.2 and 22 uM, respectively,
at 25 °C for 1 min, 15 min, and 30 min. These samples were then immediately
diluted ~11-fold and assayed for activity using Ac-IETD-AFC. A portion of the
preincubated material was boiled in loading buffer at noted time points and
visualized by SDS/PAGE. For Fig. 2 E and F, z-C8 and FLIP(2-chain or D376A) were
mixed to a final concentration of 4 uM for each protein in the presence or absence
of 16.6 uM Ac-IETD-cho at 4 °C; samples were then immediately applied to
Superdex-200 and fractionated at 4 °C.

Crystallization and Structure Determination. Crystals were grown in a hanging
drop by mixing ~10 mg/mL protein with an equal volume of well buffer. FLIP
alone crystallized in 0.1 M Mes (pH 6.5), 18% PEG, 5000 monomethyl ether, and
0.1 M ammonium sulfate. The processed FLIP/z-C8 complex crystallized in 0.9 M
sodium dihydrogen phosphate, 0.8 M dipotassium hydrogen phosphate, 0.1 M
N-cyclohexyl-3-aminopropanesulfonic acid (CAPS) (pH 10.5), and 0.2 M lithium
sulfate. Crystals were equilibrated in well buffer containing 20% glycerol (vol/vol)
and flash frozen in liquid nitrogen. Native datasets were collected at National
Synchrotron Light Source Beamline X25 and processed with Denzo and Scalepack
(24). Both structures were solved by molecular replacement using PHASER (25).
Models used were C8 from Protein Data Bank entry 114E (26) and the refined
structure of the FLIP monomer. The FLIP and FLIP/z-C8 structures were refined
against 2.2- and 1.9-A native data, respectively, using O (27) and COOT (28).
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