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a b s t r a c t

Caspase-8 is a key mediator in various biological processes such as apoptosis, necroptosis, inflammation,
T/B cells activation, and cell motility. Caspase-8 is characterized by the N-terminal tandem death effector
domains (DEDs) and the C-terminal catalytic protease domain. The DEDs mediate diverse functions of
caspase-8 through homotypic interactions of the DEDs between caspase-8 and its partner proteins. Here,
we report the first crystal structure of the DEDs of caspase-8. The overall structure of the DEDs of
caspase-8 is similar to that of the DEDs of vFLIP MC159, which is composed of two tandem death effector
domains that closely associate with each other in a head-to-tail manner. Structural analysis reveals
distinct differences in the region connecting helices a2b and a4b in the second DED of the DEDs between
caspase-8 and MC159, in which the helix a3b in MC159 is replaced by a loop in caspase-8. Moreover, the
different amino acids in this region might confer the distinct features of solubility and aggregation for the
DEDs of caspase-8 and MC159.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Caspase-8 is the major apical caspase that initiates apoptosis
through the extrinsic pathway, and has also been shown to play key
roles in several non-apoptotic processes such as necroptosis,
inflammation, innate immunity, and cell migration [1e7]. Caspase-
8 is characterized by the N-terminal prodomain and the C-terminal
catalytic protease domain [8]. The C-terminal catalytic protease
domain has been extensively studied and characterized by the
determined structures of the apo protease domain or the complex
of the protease domain in complex with peptide inhibitors or
cellular FLICE-inhibitory protein (c-FLIPL) [9,10]. The active protease
domain is composed of a heterotetramer with two large and two
small subunits [11]. However, the structural study of the N-terminal
prodomain is hampered by its strong aggregating tendency and low
solubility [12].

The N-terminal prodomain of caspase-8 is composed of two
tandem death effector domains (DEDs) that belong to the death
domain (DD) superfamily [13e15], which mediates the homotypic
interaction with its partner proteins such as Fas associated death
ng), quanjm@pkusz.edu.cn
domain protein (FADD) in the death-inducing signaling complex
(DISC) [16,17], or mediates the self-assembly in the death effector
filaments [18,19]. No determined structure is currently available for
the DEDs of caspase-8. The crystal structure of the soluble DEDs of
vFLIP MC159 is generally used as a model to understand the
homotypic interactions mediated by the DEDs of caspase-8 [20,21].
However, considering the low sequence homology (about 22%) and
the distinct difference in solubility and aggregation between the
DEDs of caspase-8 and MC159, the homology modeling might not
be enough to characterize the full structural features of the DEDs of
caspase-8. To address this problem, we determined the crystal
structure of the tandem DEDs of caspase-8 at 2.2 Å resolution,
which provides new insight into understanding the structure and
functions of the DEDs of caspase-8.
2. Material and methods

2.1. Protein expression and purification

All clones were generated with a standard PCR-based cloning
strategy, and the individual clones were verified by DNA
sequencing. For biochemical assays and crystallization, the DEDs of
human caspase-8 (residues 1e188) were subcloned into a pET-28a
vector with N-terminal His6 or His-SUMO tags. The relevant mu-
tants of Caspase-8 DEDs (residues1-188) were introduced by Fast
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Table 1
Data collection and refinement statistics (molecular replacement).

PBD ID 4ZBW

Data collection
Wavelength (Å) 1.5418
Space group P1

Cell dimensions
a, b, c (Å) 51.36, 52.11, 56.60
a, b, g (�) 113.34, 116.89, 90.12

Resolution (Å) 2.20 (2.28e2.20)a

Total reflections 41,944
Rmerge 0.052 (0.238)a

I/sI 8.76 (2.59)a

Completeness (%) 96.6 (93.8)a

Redundancy 1.83 (1.59)a

Refinement
Resolution (Å) 29.22e2.20
Unique reflections 22,971
Rwork/Rfree 0.204/0.251

No. atoms 3298
Protein 3050
Ligand/Ion
Water 248

Average B factors 43.1

r.m.s. deviations
Bond lengths (Å) 0.004
Bond angles (�) 0.810

Ramachandran statistics
Most Favored (%) 98.0
Allowed (%) 2.0
Outlier (%) 0

Equations defining various R values are standard and hence are no longer
defined in the footnotes.

a Values in parentheses are for highest-resolution shell.
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Mutagenesis System (TransGen Biotech). All the Caspase-8 DEDs
constructs mentioned above were transformed into Rosetta (DE3)
pLysS cells (Novagen). All recombinant protein expression was
induced with 0.1 mM IPTG at 20 �C overnight. His-tagged proteins
were purified with Qiagen Ni-NTA agarose according to the man-
ufacturer's instructions. For crystallization, the His-SUMO tag was
digested with Ulp1 overnight. The digestion was reloaded onto Ni-
NTA resin. The flow-through was collected and concentrated to
load on a Hiload 16/60 superdex 200 column (GE) to fractionate
homogeneous DED proteins. The final purified DED protein was
concentrated to 15 mg/ml in buffer A, composed of 20 mM Tris, pH
8.0, 1 mM DTT and 150 mM sodium chloride, and used for
crystallization.

2.2. Crystallization and structure determination

The final purified caspase-8 DEDs (residues1-188, F122A/I128D)
protein was concentrated to 15 mg/ml in buffer A, crystals were
initially obtained as small needle clusters using the sitting-drop
vapor diffusion method in reservoir buffer that contained
200 mM sodium chloride, 100 mM Tris, pH 8.5, 25% PEG3350.
Crystals were optimized using hanging drop vapor diffusion
method in reservoir buffer containing 160 mM sodium chloride,
80 mM Tris, pH 8.5, 20% PEG3350. After crystal screening, the
diffraction data was collected in homesource Rigaku micromax-
002þ. Structure was solved by molecular replacement using the
phaser-PHENIX software [22,23], using the crystal structure of the
tandem DEDs of vFLIP MC159 (PDB code 2BBR) [20] as the initial
search model. The final models were manually built in Coot [24]
and refined by Refmac in CCP4 software [25,26]. The refinement
statistics are shown in Table 1. The protein in the figures was
rendered with PyMol [27].

2.3. Analytical size-exclusion chromatography

Analytical size-exclusion chromatography was performed on an
AKTA FPLC system (GE Healthcare). Caspase-8 DEDmutant proteins
were loaded on to superdex 200 10/300 GL column (GE Healthcare)
equilibrated with a buffer containing 20 mM Tris (pH 8.0), 500 mM
NaCl, 1 mM DTT. The eluent was monitored by ultraviolet absor-
bance at 280 nm.

3. Results and discussion

3.1. Soluble mutants of the death effector domains of caspase-8

Over-expression of the wild-type tandem DEDs of caspase-8 in
Escherichia coli remains a challenge due to the high aggregation and
low solubility. On the other hand, the tandem DEDs of MC159 is
soluble and retains the monomeric state in solution, which renders
it easier to be characterized by biochemical and biophysical
methods. To obtain soluble mutants of the DEDs of caspase-8, we
performed a sequence alignment between the DEDs of caspase-8
and MC159, and also performed detailed structural analysis of the
crystal structures of MC159 [20,21] to identify the potential resi-
dues that might affect the solubility of the DEDs of caspase-8. We
found that several solvent-exposed and hydrophobic residues
including Leu27, Met43 and Ile128 in caspase-8 are markedly
distinct from the corresponding hydrophilic residues in MC159
including His33, Gln44 and Asn123, respectively (Fig. 1A).

To evaluate the influence of these residues on the solubility of
caspase-8, three mutants L27H, M43Q, and I128N the DEDs of
caspase-8 (residues 1e188) were constructed and overexpressed in
E. coli. Fortunately, the expression showed that the mutant I128N
was efficiently expressed and soluble in aqueous solution (Fig. 1B),
but the purified protein precipitated while kept at 4 �C overnight
after elution. We then mutated Ile128 to negatively charged
aspartic acid, and the generated mutant I128D became more stable
after elution. We could obtain root-like microcrystals at the con-
centration of 2 mg/ml after several rounds of crystallization
screening (Fig. 1C), but the protein also precipitated when further
concentrated. Inspired by the previous report that the F25Y mu-
tation significantly improved the solubility of FADD [28,29], we
thus mutated the corresponding solvent-exposed hydrophobic
F122 on DED2 to alanine on the basis of the I128D mutant. The
F122A/I128D mutant is highly homogenous and stable in aqueous
solution under the concentration up to 15 mg/ml. Finally, we ob-
tained rod-like crystals qualified for data collection after crystalli-
zation screening and optimization (Fig. 1D).

3.2. Overall structure of the death effector domains1-188

The crystal structure of the DEDs of the F122A/I128D mutant of
caspase-8 (hereafter referred to as Casp8F122A/I128D unless other-
wise specified) was determined by molecular replacement using
the crystal structure of MC159 (PDB code 2BBR) [20] as the tem-
plate, which was solved at 2.2 Å in the P1 space group with a dimer
in the asymmetric unit (Fig. 2A and Table 1). The structure of DEDs
contains residues 2e184, residues at the two extreme terminuses
were not observed in the solved crystal structure.

The DEDs of Casp8F122A/I128D are composed of two tandem DEDs
(DED1 and DED2) that have all a helical fold, which are closely
associated with each other to form a dumbbell-shaped structure
(Fig. 2B). The intramolecular interface between DED1 and DED2 is
mainly formed by the hydrophobic residues from the helices a2a



Fig. 1. Soluble mutants of the DEDs of caspase-8. A) Sequence alignment of the DEDs of casapse-8 and vFLIP MC159. Arrows denote the distinct residues between caspase-8 and
vFLIP MC159. B) Expression of three solubility-modified mutants of the DEDs of caspase-8. The purity of the expressed protein is estimated by SDSePAGE. C) Gel filtration and
crystallization screening of the I128D mutant, the concentration limit of the protein is 2 mg/ml. D) Gel filtration and crystallization screening of the F122A/I128D mutant, the
concentration limit of the protein is more than 15 mg/ml.
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and a5a of DED1 and the helices a1b and a4b of DED2, and addi-
tionally strengthened by a peripheral hydrogen bonding network
formed by Asp28, Ser99 and Arg102 from the C-terminus of helix
a2a and the N-terminus of helix a1b, respectively (Fig. 2C). The
overall surface of the DEDs of Casp8F122A/I128D is mainly character-
ized by charged residues except for a short hydrophobic patch at
helix a2b of DED2 (Fig. 2D). Because both Phe122 and Ile128 locate
at the surface of the protein, we could suppose that the overall
structure of the DEDs of wild-type caspase-8 is at least highly
similar to that of Casp8F122A/I128D.
Fig. 2. Overall structure of the DEDs of Casp8F122A/I128D. A) The dimeric structure of the DEDs
of the DEDs of Casp8F122A/I128D (residue 2e184). The helices in DED1 and DED2 are labeled by
the two tandem DEDs of Casp8F122A/I128D. The interfacial residues are shown by stick repre
trostatic surface representation of the DEDs of Casp8F122A/I128D, which is related to the struct
legend, the reader is referred to the web version of this article.)
3.3. Structural comparison between the DEDs of caspase-8 and
MC159

The overall structure of the DEDs of Casp8F122A/I128D is similar to
that of the DEDs of MC159 with a root mean squared deviation of
1.25 Å for 122 equivalent Ca atoms between them despite their low
sequence homology (about 22%) (Fig. 3A), highlighting the struc-
tural conservation for the death effector domain subfamily. On the
other hand, the distinct functions and properties between the DEDs
of caspase-8 and MC159 might be determined by the structural
of Casp8F122A/I128D in one asymmetric unit. B) Cartoon representation of the structures
the helical number with a and b, respectively. C) The intramolecular interface between
sentations, hydrogen bonds are indicated by blue dashed lines in all figures. D) Elec-
ure of the lower panel in (B). (For interpretation of the references to color in this figure



Fig. 3. Structural comparison of the DEDs of Casp8F122A/I128D and MC159. A) Superposition of the structures of the DEDs of Casp8F122A/I128D (green) and MC159 (magenta) (PDB code
2BBR) [20]. The four distinct regions are labeled by red solid line rectangles. B) Close view of the first distinct region that covers the N-terminus and the connecting loop between
helices a4a and a5a. C) Close view of the second distinct region that connecting helices a2a and a4a in DED1. (D) Close view of the third distinct region that connecting helices a2b
and a4b in DED2. (E) Close view of the fourth distinct region that involves the conserved E/D-RxDL motif. For all close views, the key residues in the highlighted regions are shown in
stick representations, and numbered according to their individual sequences. The residues of MC159 are indicated with a prime. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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difference between these two proteins. The major structural vari-
ations locate at four regions as shown in Fig. 3AeE.

The first structural difference locates at the region including the
extremeN-terminusand theconnecting loopbetweenhelicesa4aand
a5a (Fig. 3B). The DED1 of MC159 is characterized by a short N-ter-
minal extended helix a0a composed of a hydrophilic motif S2DSKE6.
This motif forms hydrogen bonds with the connecting loop between
helices a4a and a5a, which might stabilize the interactions between
helicesa1a,a4aanda5a. TheN-terminalextendedhelixa0a ismissing
in theDED1ofCasp8F122A/I128D,while the interactionsbetweenhelices
a1a, a4a and a5a are alternatively stabilized by the hydrophobic in-
teractions between the N-terminal Phe3 of a1a and Leu54 and Leu59
from the longer connecting loop between a4a and a5a.

The second structural difference locates at the loop region
connecting helices a2a and a4a (Fig. 3C). The short loop con-
necting helices a2a and a4a in DED1 of MC159 is replaced by a
single turn helix in DED1 of Casp8F122A/I128D. More strikingly, the
surface of the helix is covered by multiple charged residues, which
is similar to that of the DED of FADD [28,29].

The third structural difference locates at the connecting region
between helices a2b and a4b (Fig. 3D). The helix a3b in MC159 is
replaced by a loop connecting helices a2b and a4b of DED2 of
Casp8F122A/I128D. Notably, the mutation I128D that markedly im-
proves the solubility of the DEDs of caspase-8 just locates at the
beginning of the connecting loop, and the corresponding residue
Asn123 in MC159 locates at the similar position, highlighting that
the residues in this region might confer the solubility of the DEDs.
According to the determined structure, Ile128 in the wild-type
DEDs of caspase-8 should form a tight hydrophobic core with
the spatially neighboring hydrophobic residues Ile151 at helix
a4b and Ile159 at helix a5b. In this regard, the mutations I128N or
I128D might improve the solubility of the DEDs partially through
disrupting the hydrophobic interactions in this region.

The fourth structural difference locates at the region charac-
terized by the conserved E/D-RxDL motif on helices a2b and a6b in
DED2 of MC159, while RxDL is replaced by NxSL in DED2 of
Casp8F122A/I128D (Fig. 3E). The E/D-RxDL motif in MC159 forms
extensive hydrogen bonding interactions, and the hydrogen
bonding interactions are relatively less prominent formed by the E-
NxSL motif in DED2 of Casp8F122A/I128D. However, both hydrogen
bonding networks would play similar role in maintaining the
structural integrity of this region.

3.4. Crystal packing of the death effector domains

The crystal structure of the DEDs of Casp8F122A/I128D was solved
as a dimer in the asymmetric unit (Figs. 2A and 4A), in which two
molecules pack perpendicularly in a head-to-tail manner. The
dimeric interface is characterized by two hydrogen bonding net-
works (Fig. 4B). One is formed between Arg82 at the loop con-
necting helices a6a and a7a of DED1 from one monomer and
Glu126 at helix a2b and Gln166 at helix a5b of DED2 from another
monomer. Intriguingly, another one is formed between the
conserved E/D18-R71xDL motif in DED1 from one monomer and
Lys169 of the E-Nx169SL motif in DED2 from another monomer, in
which the positively charged Lys169 is surrounded by three
continuing negatively charged residues including Asp15, Glu17 and
Asp18, and the backbone amide of Lys169 forms an additional
hydrogen bond with Asp73. This hydrogen bonding network might
shed new light on understanding the functions of the E/D-RxDL
motif in the homotypic interactions for the death effector do-
mains [20,30].

Further analysis of the packing in the crystal lattice revealed a
filamentous structure formed by the repeated DEDs in a head-to-
tail manner through the dimeric interface (Fig. 4C). Given that the
condition used for protein crystallization has been considered as a
good approximation of overexpression of protein in the crowed
environment of the cell [31], the dimeric interface possibly medi-
ates the formation of death effector filaments upon overexpression
of the DEDs of caspase-8 in cells [18,19]. Notably, positively charged



Fig. 4. Crystal packing of the DEDs of Casp8F122A/I128D in the crystal lattice. A) Structures of the DEDs of Casp8F122A/I128D in an asymmetric units, containing a dimer of the DEDs (DED
and DED0). B) The intermolecular packing interface of the DEDs of Casp8F122A/I128D in the asymmetric unit. The key residues are shown in stick representation. 2FoeFc electron
density maps for key residues are contoured at a level of 1.5s. C) Potential filamentous structure formed by the continuingly packing DEDs of Casp8F122A/I128D mediated by the
dimeric interface shown in A) and B).
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Lys169 in DED2 of caspase-8 is replaced by a hydrophobic residue
Leu167 in DED2 of MC159, which would impair the interfacial
hydrogen bonding network and thus block the formation of death
effector filament. This analysis is consistent with the fact that the
tandem DEDs of MC159 cannot form death effector filaments
[18,20,21].

Compared with the aggregating propensity of the DEDs of wild-
type caspase-8, the mutations F122A and I128D markedly reduce
the aggregation and improve the solubility, suggesting that Phe122
and Ile128 might involve in the self-assembly of the DEDs of
caspase-8. However, these two residues are not involved in the
described dimeric interface, indicating that they play the role in the
self-assembly through other possible interfaces in physiological
conditions. Moreover, gel filtration data only showed a single peak
corresponding to the monomer for the purified DEDs of Casp8F122A/
I128D (Fig. 1D). The determined dimeric structure thus might be the
result of crystal packing in the high protein concentration during
crystallization, or might just contribute to the formation of death
effector filaments upon non-physiological overexpression of the
DEDs of caspase-8 in cells.
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