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Abstract
Fas binding to Fas-associated death domain (FADD) activates FADD-caspase-8 binding to form
death-inducing signaling complex (DISC) that triggers apoptosis. The Fas-Fas association exists
primary as dimer in the Fas-FADD complex and the Fas-FADD tetramer complexes have the
tendency to form higher order oligomer. The importance of the oligomerized Fas-FADD complex
in DISC formation has been confirmed. This study sought to provide structural insight for the
roles of Fas death domain (Fas DD) binding to FADD and the oligomerization of Fas DD-FADD
complex in activating FADD-procaspase-8 binding. Results show Fas DD binding to FADD
stabilized the FADD conformation, including the increased stability of the critical residues in
FADD death effector domain (FADD DED) for FADD-procaspase-8 binding. Fas DD binding to
FADD resulted in the decreased degree of both correlated and anti-correlated motion of the
residues in FADD and caused the reversed correlated motion between FADD DED and FADD
death domain (FADD DD). The exposure of procaspase-8 binding residues in FADD that allows
FADD to interact with procaspase-8 was observed with Fas DD binding to FADD. We also
observed different degrees of conformational and motion changes of FADD in the Fas DD-FADD
complex with different degrees of oligomerization. The increased conformational stability and the
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SUPPORTING INFORMATION AVAILABLE
Figure S1 is a cartoon figure to show the protein interactions underlying death-inducing signaling complex (DISC) formation (19).
Figure S2 shows the secondary structure of FADD with the highlights of the key residues important for FADD binding to
procaspase-8 (26). Figure S3 was cited from “FL Scott et al. Nature 457, 1019-1022, doi:10.1038/nature07606” (19), which shows
Fas–FADD and Fas–Fas interactions in Fas–FADD DD complex. Root mean squared deviation (RMSD) of Fas DD protein core (res
225–318) and FADD over the 150ns MD simulation showed that the simulated systems reached the initial equilibration after MD
simulation for 90 ns (Figure S4). The comparison of RMSF of a single FADD with the average RMSF of the two FADDs in the Fas
DD-FADD dimer complex (Figure S5 A) and with the average RMSF of the four FADDs in the Fas DD-FADD tetramer complex
(Figure S5 B) showed that Fas DD binding to FADD stabilized FADD conformation. The comparison of the dynamical cross-
correlation maps for the degree of correlated motion of the residues of FADD in single FADD with FADDs in Fas DD-FADD dimer
complex and with FADD in Fas DD-FADD tetramer complex showed that Fas DD binding to FADD resulted in an overall lesser
degree of both correlated (red) and anticorrelated (blue) movement for the residues of FADD and caused the reversed correlated
motion between FADD DED and FADD DD (circled regions) compared to that of single FADD (Figure S6 and Figure S7).
Comparison of PCA results for the principal motion of single FADD, FADDs in Fas DD-FADD dimer complex and FADDs in Fas
DD-FADD tetramer complex showed that Fas DD binding to FADD caused significantly different dynamical motion for the residues
of FADDs in Fas DD-FADD complexes compared to those in single FADD (Figure S8 and Figure S9).
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decreased degree of correlated motion of the residues in FADD in Fas DD-FADD tetramer
complex were observed compared to those in Fas DD-FADD dimer complex. This study provides
structural evidence for the roles of Fas DD binding to FADD and the oligomerization degree of
Fas DD-FADD complex in DISC formation to signal apoptosis.

Keywords
Fas-FADD binding; DISC; oligomeric Fas-FADD complex; molecular dynamics; conformational
and dynamical motion analysis

INTRODUCTION
Fas death receptor-activated signaling pathways regulate apoptosis in a variety of cells
including cholangiocarcinoma, Jurkat cells and osteoclasts (1, 2). Dysfunction of Fas and its
signaling pathways is associated with diseases in both mice and humans (3–6). Fas-activated
signaling pathway has been well characterized. The Fas death receptor has the ability to self-
associate or bind with other target proteins including calmodulin (CaM) and the Fas-
associated death domain (FADD) (7–11). Upon triggering by Fas ligand (FasL), the
clustering of Fas, FADD, and procaspase-8 that is FADD downstream protein forms death-
inducing signaling complex (DISC) (Figure S1) that triggers apoptosis (12–14). Fas death
domain (Fas DD) binds to FADD through homotypic interactions, which leads to activation
of caspase-8 (15–18). The activation of caspase-8 initiates a set of reactions that leads to cell
death. In the DISC formation, Fas binding to the C-terminal death domain of FADD (FADD
DD) activates the binding of procaspase-8 to the N-terminal death effector domain of FADD
(FADD DED) (15–19).

The structure of Fas DD consists of six amphipathic α-helices antiparallel to one another
and the hydrophobic residues of the side chains form the core of the protein (10). FADD is
composed of the N-terminal death effector domain and the C-terminal death domain, which
are structurally similar to one another (Figure S2) (20–23). Both FADD DD and FADD
DED adopt a six α-helical bundle structure that is characteristic of a structural family of
“death motifs” (Figure S2) (23). The FADD DD is engaged with receptor, while the FADD
DED contains the binding site for procaspase-8 and/or -10 (Figure S1) (15, 23, 24). The
crystal structure of the Fas DD-FADD DD complex that has a tetrameric arrangement of
four FADD DDs bound to four Fas DDs has been solved (19). Compared to the solution
structure of the monomeric Fas DD (10), oligomeric Fas DD experiences an opening in
which helix α6 shifts and merges with helix α5 to form a relatively long helix called stem
helix, and a new helix named C-helix at the C-terminal of Fas DD is formed (Figure S3. A,
B and C) (19). The opening of Fas to have the hydrophobic residues exposed is crucial for
Fas binding to FADD (Figure S3. D)(19). The interaction region between death domains of
Fas and FADD for Fas-FADD death domain complex has been identified (19). The
interfaces for the Fas-FADD interactions are formed by the hydrophobic patch surrounded
by polar residues in the helices α1 and α6 of FADD DD (α7 and α12 of full length FADD)
and the hydrophobic residues in Fas DDs exposed only upon Fas opening (Figure S3. D)
(19). The open forms of Fas are in an unstable equilibrium state and the opening of Fas
allows the formation of a Fas-Fas bridge with another open Fas molecule through the stem
helices and C-helices of the two Fas molecules to stabilize the open form and to form a
stable Fas-Fas dimer (Figure S3. E) (19). The Fas-Fas association in a dimer behavior
predominantly exists in Fas-FADD complex (Figure S3. E) (19). The crystal structure of
Fas-FADD complex is a tetramer and the tetramer has the tendency to form higher
oligomers (19). The formation of Fas-Fas bridge and Fas binding to FADD foster the DISC
formation and the clustering to form higher oligomers (19). A recent study further
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demonstrates the importance of the oligomerized Fas-FADD complex in DISC formation
(25). Fas binding to FADD activates FADD-caspase-8 binding to form the DISC (15–18).
The caspase-8 binding site in FADD has been identified, showing that the α1 and α4 helices
of the FADD DED interact with the death effector domain 2 of procaspase-8, and residues
S12, R38, D44, and E51 in FADD DED domain are important for FADD binding to
procaspase-8 (Figure S1) (26). The experimental studies have demonstrated the importance
of Fas binding to FADD in facilitating FADD recruitment of procaspase-8 to form the DISC
and the importance of the oligomerized Fas-FADD complex in DISC formation. However,
structural insight for the roles of Fas binding to FADD and the oligomerization degree of
Fas-FADD complex in activating FADD-procaspase-8 binding remain unclear.

This study to provides structural insight for the role of Fas binding to FADD and the
oligomerization of Fas-FADD complex in activating FADD-procaspase-8 binding. We
determined the conformational and motion changes of FADD resulted from binding to Fas
for the Fas-FADD complex in either dimer or tetramer behavior and compared to those of
single FADD without binding to Fas with molecular dynamics (MD) simulations. We
evaluated the structural characteristics of the caspase-8 binding site in FADD by interactions
with Fas at the different oligomerizations. Results from this study provide structural insight
into the roles of Fas binding to FADD and the oligomerization degree of Fas-FADD
complex in DISC formation to signal apoptosis.

MATERIALS AND METHODS
Fas DD-FADD dimer and tetramer complexes construction

The crystal structure of the complex of Fas death domain-FADD death domain with a
tetrameric arrangement has been solved (PDBID: 3EZQ) (19). The NMR structure of the
full length FADD that includes both death domain (DD) and death effector domain (DED)
has also been solved (PDBID: 2GF5) (26). The interactions of Fas DD with FADD DD
activate FADD DED binding to procaspase-8 (15–19, 26). To determine the roles of the
interactions of Fas DD with FADD and the oligomerization degree of Fas DD-FADD
complex in FADD binding to procaspase-8, we constructed the Fas DD-FADD complex by
first geometrically fitting the α7 helix of the full length FADD (α1 helix for FADD DD
only) to the α1 helix of FADD DD in the crystal structure of Fas DD-FADD DD complex
using VMD software (27). Then, we removed the FADD DD in the initial crystal structure
of Fas DD-FADD DD complex. This fitting method to obtain a protein complex has been
used in previous studies (19, 28, 29). Fas opening that forms Fas-Fas bridge and allows Fas
to bind to FADD is the key to obtain a stabilized Fas-FADD complex (19). Therefore, the
Fas-FADD dimer complex is a minimal requirement for a stable Fas-FADD complex.
Studies have showed that Fas-FADD complexes tend to form higher order oligomers for the
DISC formation (19, 25). To evaluate the effect of oligomerization degree of Fas DD-FADD
complex on FADD conformational changes and on FADD binding to procaspase-8, we
constructed the Fas DD-FADD complexes in dimer and in tetramer based on the crystal
structure of Fas DD-FADD DD in tetramer and the NMR structure of full length FADD.
The constructed Fas DD-FADD complexes in dimer and tetramer were energy minimized
using AMBER 9 MD package (30).

Molecular dynamics simulations
To examine the effect of Fas DD binding to FADD and the oligomerization degree of Fas
DD-FADD complex in FADD binding to procaspase-8, we performed 150 ns molecular
dynamics (MD) simulations for the three systems of single full length FADD, Fas DD-
FADD complex in dimer and Fas DD-FADD complex in tetramer using AMBER 9 MD
package (30). The AMBER force field was used for the simulated systems. The MD
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simulations were performed in a periodic box. One nm of solvent between the protein and
the box boundaries was ensured to reduce potential artifacts arising from periodicity. The
periodic box was filled with TIP3P water molecules (31) and 150 mM NaCl (physiological
salt concentration). Additional ions of Na+ or Cl− were added to the system to neutralize the
charge of the protein or protein complex. The simulated system size for single full length
FADD is 9.6 nm × 6.4 nm × 6.1 nm, for Fas DD-FADD complex in dimer is 9.1 nm × 10.1
nm × 9.6 nm, for Fas DD-FADD complex in tetramer is 13.0 nm × 10.7 nm × 9.7 nm. The
MD simulation protocol was identical for the three systems, which was similar to that of our
previous studies (29, 32–36). The MD simulation protocol included: 1) steepest descent
minimization for the solvent with the protein and ions restrained but with water mobile; 2)
equilibration of water with mobile water molecules but with the protein and ions restrained
at constant number-pressure-temperature (NpT) at 50K and 1 atm for 20 ps; 3) the warm up
of the system via a series of 10 ps constant number-volume-temperature (NVT) MD
simulations at 50, 100, 150, 200, 250, and 300K with SHAKE constraints and 2 fs time
steps; 4) production simulation at NpT of 300K and 1 atm for the assigned time length of
150 ns in this study. In the production simulations, SHAKE constraints with relative
tolerance of 1×10−5 were used on all hydrogen-heavy atom bonds to permit a dynamics time
step of 2 fs. Electrostatic interactions were calculated by the particle-mesh Ewald method
(PME) (37). The Lennard-Jones cutoffs were set at 1.0 nm. Root mean square deviation
(RMSD) of protein or protein complex was calculated over time to ensure that the system
reached equilibration during the MD simulations. The simulation trajectories after the initial
equilibration were used for the conformational, motion and structural analyses.

Conformational and dynamical motion analyses
We performed a series of analyses to better understand the effect of Fas DD binding to
FADD and the oligomerization degree of Fas DD-FADD complex on FADD binding to
procaspase-8. The root mean-square deviation (RMSD) of protein backbone atoms was
analyzed to determine the systems’ equilibration tendencies and its convergence. Root mean
square fluctuations (RMSF) of the proteins were calculated on a residue-by-residue basis,
and averaged over the production simulation trajectories after the systems reached
equilibrium to observe the conformational fluctuation of protein domains. Dynamical cross-
correlation maps (normalized covariance matrices) between residues of FADD were
analyzed to gain insight into the degree of correlated motions of the residues in FADD for
single FADD or FADD in Fas DD-FADD complexes. Principal component analysis (PCA)
(38) was used to decompose a protein motion over a trajectory into a few principal motions
which are described by eigenvectors and eigenvalues. The first PCA mode is usually
interpreted as the direction of the largest conformational fluctuation of the system during
MD simulations (39, 40). These analyses were performed using the ptraj program of
AMBER, Matlab (41) was used to generate the cross-correlation plots, and porcupine plots
(42) were used to visualize the collective dynamic modes calculated from PCA analysis.
Previous studies shows that the α1 and α4 helices of the FADD DED are critical for FADD-
procaspase-8 binding, and the C-terminal helix of FADD (helix α12) in the single full length
FADD is located at the interface of the FADD DD and FADD DED, which could block the
key residues in FADD for binding to procaspase-8 to signal apoptosis (26, 43). The results
of overlaying the structure of full length FADD onto the FADD DD in the crystal structure
of Fas-FADD complex show that helix α12 in FADD has to shift to avoid the steric clash
with the newly formed C-helix of Fas DD in Fas-FADD complex, which could expose
procaspase-8 binding residues in FADD for FADD-procaspase-8 interactions (19). From the
MD simulations trajectories, we calculated the distance between the end of α12 helix (Ca
atom of residue GLY191) and the midpoint between the ends of α1 helix (Ca atom of
residue SER1) and α4 helix (Ca atom of residue LEU50) of FADD in FADD DED for
single FADD, FADD in Fas-FADD dimer complex and FADD in Fas-FADD tetramer
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complex. The results help to determine whether Fas binding to FADD results in the
exposure of procaspase-8 binding residues in FADD and whether the position of α12 helix
relative to the helices of α1 and α4 in FADD is affected by the oligomerization degree of
Fas-FADD complex.

Statistical methods
To compare the effect of Fas DD binding to FADD and the oligomerization degree of Fas
DD-FADD complex on FADD conformation changes, both the average values and the
standard deviations of the analyzed variables were calculated. Due to the tendency of
adjacent snapshots from the MD trajectories to be correlated with each other, the
autocorrelation time (44, 45) for the studied quantities were obtained to re-sample the
trajectories into statistically independent periods in order to calculate the standard deviations
for each quantity. With the obtained decorrelation times, bootstrap analysis (46) was
performed following an analysis protocol similar to that of Chen and Pappu and our
published study (29, 32–35). With the mean and standard deviation between the observables
for the simulated systems, we used the Student’s t-test (47) with 95% confidence to compare
whether the effects of Fas DD binding to FADD and the oligomerization degree of Fas DD-
FADD complex on FADD conformational changes were significant.

RESULTS & DISCUSSION
Because the Fas -FADD dimer complex is a minimal requirement for a stable Fas-FADD
complex (19) and we are interested in understanding the role of the oligomerization degree
of Fas-FADD complex in activating FADD-procaspase-8 binding, we constructed the Fas
DD-FADD complexes in dimer and in tetramer based on the crystal structure of Fas DD-
FADD DD in tetramer (PDBID: 3EZQ) (19) and the NMR structure of full length FADD
(PDBID: 2GF5) (26). The constructed Fas DD-FADD complexes in dimer and tetramer
were energy minimized using AMBER 9 MD package (30). The minimized Fas DD-FADD
complexes in dimer and tetramer were shown as Figure 1A and Figure 1B. The RMSD of
Fas DD protein core (res 225–318) and FADD from the Fas DD-FADD complexes either in
dimer or tetramer over 150 ns MD simulations showed that the systems reached initial
equilibration after the first 90 ns (Figure S4). The last 60 ns simulations trajectories of the
150 ns MD simulations were used for the conformational and dynamical motion analyses of
FADD by binding to Fas DD either in dimer or tetramer complexes

Conformational changes in FADD
RMSF comparison for single FADD and FADD in the Fas DD-FADD complexes
—For FADD in Fas DD-FADD dimer complex, the RMSF result showed that the
fluctuations of the two individual FADD in dimer complex were consistently lower than
those of a single FADD (Figure 2A, Figure S5 A). The α1 and α4 helices of the FADD
DED have been identified to interact with the death effect domain 2 of procaspase-8, and the
residues of S12, R38, D44, and E51 in FADD DED domain are important for FADD
binding to procaspase-8 (26). Based on the RMSF results, the flexibility of the α1 and α4
helices and key residues (S12, R38, D44, and E51) in each FADD DED of dimer complexes
was consistently lower than those in a single FADD DED (Figure 2A, Figure S5 A),
indicating that, in dimer complexes, FADD DEDs were more stable than a single FADD
DED. The stabilized FADD DED conformation could facilitate the FADD-procaspase-8
binding through α1 and α4 helices and key residues on FADD DEDs. The FADD DD was
also stabilized by the binding to Fas DD. The similar observations were observed for the
comparison of FADDs in Fas DD-FADD tetramer complex with a single FADD (Figure 2B,
Figure S5 B).
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The comparison of the average RMSF of the two FADDs in Fas DD-FADD dimer complex
with the average RMSF of the four FADDs in Fas DD-FADD tetramer complex showed the
increased conformational stability for FADDs in Fas DD-FADD tetramer complex
compared to that of the FADDs in Fas DD-FADD dimer complex (Figure 2C). Particularly,
the flexibility of the α1 and α4 helices and key residues in FADD DEDs of tetramer
complexes was consistently lower than those in FADD DEDs of dimer complexes (Figure
2C), indicating that FADDs in Fas DD-FADD tetramer complex could be more preferable
than that in dimer complex for binding to procaspase-8 to form the DISC. The changed
degree of conformational flexibility of FADD could result in changed electrostatic
distribution, van der Waals energy, polar solvation energy and entropy of FADD, which
could directly affect the electrostatic interactions and van der Waals interactions between
FADD and procaspase-8, further affecting FADD recruitment of procaspase-8 to signal
apoptosis.

Position of α12 helix in FADD DD relative to the helices of α1 and α4 in FADD
DED (Relative position changes between FADD DD and FADD DED)—The α1
and α4 helices of the DED of FADD are critical for FADD-procaspase-8 binding (26).
NMR structure of the single FADD (PDBID: 2GF5) (26) shows that the end of α12 helix of
FADD DD (FADD C terminus) is located at the interface of the FADD DED and FADD DD
and is close to the α1 and α4 helices of the FADD DED, which could block α1 and α4
helices from binding to procaspase-8 (Figure 3A). Based on the crystal structure of the Fas
DD-FADD DD tetrameric complex (PDBID: 3EZQ) and NMR structure of the full-length
FADD (PDBID: 2GF5) (26), the study shows that the C-terminal helix (α12 helix) of FADD
has to shift to avoid a steric clash with the newly formed C-helix of Fas DD in Fas DD-
FADD complex when the structure of the full-length FADD was overlaid onto the FADD
DD in Fas DD-FADD DD complex. This could cause relative position changes between
FADD DED and FADD DD (19). A representative structure of the full length FADD from
Fas DD-FADD tetrameric complex from our equilibrated MD simulations is shown as
Figure 3B, illustrating that Fas-FADD binding could expose the α1 and α4 helices of FADD
DED that will facilitate FADD binding to procaspase-8 (Figure 3A and B). We calculated
the distance between the end of α12 helix in FADD DD and the midpoint of the ends of the
α1 and α4 helices of FADD DED in single FADD and FADDs in Fas DD-FADD
complexes either in dimer or in tetramer complex based on the last 60 ns simulation
trajectories of the 150 ns MD simulations (Figure 3C). The results showed that Fas DD
binding to FADD resulted in significantly increased distance between the end of α12 helix
in FADD DD and the midpoint of the ends of α1 and α4 helices for Fas DD-FADD
complexes in either dimer or tetramer compared to a single FADD, and the distance of α12
helix away from α1 and α4 helices of FADD was significantly larger in Fas DD-FADD
dimer complex compared to that in Fas DD-FADD tetramer complex (Figure 3C). The
results clearly demonstrated that Fas binding to FADD could expose the α1 and α4 helices
of FADD to allow FADD to interact with the death effector domain 2 of procaspase-8, and
Fas-FADD dimer complex formation was sufficient for the exposure of procaspase-8
binding site in FADD that allows FADD to interact with procaspase-8 for DISC formation
compared to Fas-FADD tetramer complex formation (Figure 3C).

Dynamical motion changes in FADD
Dynamical cross-correlation analysis—We calculated the dynamical cross-
correlation maps to compare the degrees of correlated motion of the residues of a single
FADD, FADDs in Fas DD-FADD dimer complex and FADDs in Fas DD-FADD tetramer
complex (Figure 4, Figure S6 and Figure S7). The comparison of the dynamical cross-
correlation maps of a single FADD (top left in Figure 4A and B), FADDs in Fas DD-FADD
dimer complex (bottom right in Figure 4A, Figure S6 A and B) and FADDs in Fas DD-
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FADD tetramer complex (bottom right in Figure 4B, Figure S7 A, B, C and D) showed that
Fas DD binding to FADD resulted in an overall lesser degree of both correlated (red) and
anticorrelated (blue) movement for the residues of FADD and caused the reversed correlated
motion between FADD DED and FADD DD (circled regions) compared to that of a single
FADD. The dynamical motion changes of FADD by binding to Fas DD could directly
contribute to the conformational changes of FADD, which could affect the electrostatic
interactions and van der Waals interactions of FADD with procaspase-8 and the recruitment
of procaspase-8 to signal apoptosis. We also compared the dynamical cross-correlation map
of FADD in Fas DD-FADD dimer complex (top left of Figure 4C) to that of FADD in Fas
DD-FADD tetramer complex (bottom right in Figure 4C). The results showed the lesser
degree of correlated motion of the residues of FADD in Fas DD-FADD tetramer complex
compared to that of FADD in Fas-FADD dimer complex, indicating a more stabilized
structure for FADD in Fas-FADD tetramer complex compared to that in Fas-FADD dimer
complex.

Principal component analysis—We performed principal component analyses (PCA) to
describe the dynamics of FADD and to visualize the essential mode of motion by generating
porcupine plots using the MD trajectory (Figure S8 and Figure S9). PCA results for a single
FADD showed that the residues in different helixes of FADD DD were moving together but
the residues in different helixes of FADD DED were moving away from each other (Figure
S8 A). These observations were significantly different from those occurred for the two
FADDs in the Fas DD-FADD dimer complex (Figure S8 B and C) and those observed for
the four FADDs in the Fas DD-FADD tetramer complex (Figure S9). Procaspase-8 binds to
the α1 and α4 helices of the FADD DED and the residues (S12, R38, D44, and E51) in
FADD DED are critical for FADD-procaspase-8 binding as experimentally observed (26).
The dynamical motion changes of FADD by binding to Fas DD could directly affect the
relative position changes between FADD DED and FADD DD, and the overall
conformational changes of FADD, further resulting in the changed electrostatic distribution,
van der Waals energy, polar solvation energy, and entropy of FADD, which could directly
affect FADD-procaspase-8 interactions for DISC formation to signal apoptosis.

CONCLUSIONS
Experimental studies have shown that the α1 and α4 helices of the FADD DED interact
with the death effector domain 2 of procaspase-8, and residues S12, R38, D44, and E51 in
FADD DED domain are important for FADD binding to procaspase-8 (26). The results from
this study demonstrated that Fas DD binding to FADD stabilized the overall conformation of
FADD, including the increased stability of the α1 and α4 helices and the critical residues
(S12, R38, D44, and E51) in FADD DED that will affect the electrostatic interactions and
van der Waals interactions of FADD with procaspase-8 and facilitate the recruitment of
procaspase-8 to signal apoptosis. Fas binding to FADD resulted in a decreased degree of
both correlated and anti-correlated motion of the residues in FADD and caused a reversed
correlated motion between FADD DED and FADD DD. Dynamical motion changes of
residues in FADD by binding to Fas DD caused the relative position changes between
FADD DD and FADD DED to expose the α1 and α4 helices of the FADD DED to enhance
FADD binding to procaspase-8. Experimental studies also showed that the Fas -FADD
dimer complex is a minimal requirement for a stable Fas-FADD complex and Fas binding to
FADD fosters the DISC formation and the clustering to form higher oligomers (19). A
recent experimental study further demonstrates the importance of the oligomerized Fas-
FADD complex in DISC formation (25). However, structural mechanisms for these
experimental observations remain unknown. We observed the different degree of the
conformational and motion changes of FADD in the Fas-FADD complexes with the
different degree of oligomerization. The increased conformational stability and the

Yan et al. Page 7

Proteins. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



decreased degree of the correlated motion of the residues in FADDs in the Fas-FADD
tetramer complex were observed compared to those in the Fas-FADD dimer complex. The
results also showed that Fas-FADD dimer complex formation was sufficient for the
exposure of the procaspase-8 binding site in FADD that allows FADD to interact with
procaspase-8. This study provides structural and dynamic mechanisms for the roles of Fas
DD binding to FADD and the oligomerization of Fas DD-FADD complex in activating
FADD-procaspase-8 binding for DISC formation to signal apoptosis observed in
experimental studies (19, 25). The structural information should facilitate the identification
of novel strategies and targets to regulate DISC formation and, thereby, modulate apoptosis.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

FADD Fas-associated death domain

DISC death-inducing signaling complex

DD death domain

DED death effector domain

CaM calmodulin

MD molecular dynamics

RMSD root mean square deviation

RMSF root mean square fluctuation

PCA principal component analysis
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FIGURE 1.
The constructed complex of Fas death domain with full length FADD. (A) Fas DD-FADD
complex in dimer (red: FADD 1; orange: FADD 2; blue: Fas DD 1; green: Fas DD 2); (B)
Fas DD-FADD complex in tetramer (blue: FADD 1; orange: FADD 2; green: FADD 3; red:
FADD 4; cyan: Fas DD 1, Fas DD 2, Fas DD 3 and Fas DD 4).
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FIGURE 2.
The root mean squared fluctuation (RMSF) comparison. (A) RMSF of two FADDs in dimer
complex compared to single FADD; (B) RMSF of four FADDs in tetramer complex and
single FADD; (C) the average RMSF of the two FADDs in Fas DD-FADD dimer complex
compared to the average RMSF of the four FADDs in Fas DD-FADD tetramer complex.
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FIGURE 3.
Definition and visualization of the distance between the end of α12 helix (Ca atom of
residue GLY191) and the midpoint between the ends of α1 helix (Ca atom of residue SER1)
and α4 helix (Ca atom of residue LEU50) of FADD in single FADD (A) and in Fas DD-
FADD complex (B); (C) The comparison among the distance between the end of α12 helix
(Ca atom of residue GLY191) and the midpoint between the ends of α1 helix (Ca atom of
residue SER1) and α4 helix (Ca atom of residue LEU50) of FADD for single FADD, the
average distance of two FADDs in dimer complexes and the average distance of four
FADDs in tetramer complexes (unit: Å).
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FIGURE 4.
Dynamical cross-correlation maps to compare the degree of correlated motion of the
residues in FADD (red: correlation between residues; blue: anticorrelation between
residues). (A) Single FADD (top left) and FADD in Fas DD-FADD dimer complex (bottom
right, data averaged from the two FADDs in the dimer complex); (B) single FADD (top left)
and FADD in Fas DD-FADD tetramer complex (bottom right, data averaged from the four
FADDs in the tetramer complex); (C) FADD in Fas DD-FADD dimer complex (top left,
data averaged from the two FADDs in the dimer complex) and FADD in Fas DD-FADD
tetramer complex (bottom right, data averaged from the four FADDs in the tetramer
complex). (Circled regions show the degree of correlated motion between res 10–70 in
FADD DD and res 100–170 in FADD DED)
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