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Abstract

Death-inducing signaling complex (DISC) formation is a critical step in Fas-mediated signaling
for apoptosis. Previous experiments have demonstrated that the calmodulin (CaM) antagonist,
trifluoperazine (TFP) regulates CaM-Fas binding and affects Fas-mediated DISC formation. In
this study, we investigated the anti-cooperative characteristics of TFP binding to CaM and the
effect of TFP on the CaM-Fas interaction from both structural and thermodynamic perspectives
using combined molecular dynamics simulations and binding free energy analyses. We studied the
interactions of different numbers of TFP molecules with CaM and explored the effects of the
resulting conformational changes in CaM on CaM-Fas binding. Results from these analyses
showed that the number of TFP molecules bound to CaM directly influenced a-helix formation
and hydrogen bond occupancy within the a-helices of CaM, contributing to the conformational
and motion changes in CaM. These changes affected CaM binding to Fas, resulting in secondary
structural changes in Fas and conformational and motion changes of Fas in CaM-Fas complexes,
potentially perturbing the recruitment of Fas-associated death domain (FADD) for DISC
formation. The computational results from this study reveal the structural and molecular
mechanisms that underlie the role of the CaM antagonist, TFP, in regulation of CaM-Fas binding
and Fas-mediated DISC formation in a concentration-dependent manner.
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SUPPORTING INFORMATION AVAILABLE

The structure and force field charge parameters of TFP (Fig. 1S and Table 1S) were included in the supplemental materials. Binding
energy of the top three complexes of Fas with CaM bound to different number of TFP calculated from RDOCK program was shown in
Table.2S. Size of the periodic box for the six systems simulated in this study was shown in Table.3S. RMSD for CaM in the TFP-CaM
complexes over the 30ns MD simulation for different simulation cases (Fig. 2S) and binding free energy between CaM with TFP
molecule(s) in the TFP-CaM complexes as a function of cumulative time over the 30ns MD simulation for different simulation cases
to demonstrate the equilibration of the TFP/CaM complexes were shown in the supplemental materials (Fig. 3S). Binding free energy
of Fas-CaM complexes as a function of cumulative time over the 30ns MD simulation for different simulation cases (Fig. 4S), RMSD
for the Fas Death Domain protein core (res 225-318) and RMSD for CaM in the CaM/Fas complexes over the 30ns MD simulation for
different simulation cases (Fig. 5S and Fig. 6S), to demonstrate the equilibration of the TFP-bound CaM/Fas complexes were shown
in the supplemental materials. Root mean squared fluctuation (RMSF) comparison of CaM in different CaM/TFP complexes was
included in the supplemental materials (Fig. 7S). Hydrogen bond occupancy of each o helix of CaM in TFP-CaM complexes (Fig. 8S),
hydrogen bond occupancy of each o helix of Fas in CaM-Fas complexes (Fig. 9S) and the number of dihedral angle transition for all
residues of Fas from CaM-Fas complexes over time (Fig. 10S) were included in the supplemental materials.
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INTRODUCTION

The molecular mechanisms mediated by the prototypical death receptor Fas have been well
characterized (1). The Fas receptor is a member of the tumor necrosis factor receptor
superfamily. Upon stimulation by Fas ligand or agonistic antibodies, Fas induces receptor
clustering and formation of the death-inducing signaling complex (DISC). Abnormal
expression of Fas has been reported in numerous types of cancer. Down-regulation of Fas
expression has been observed in breast cancer, glioma, hepatocellular carcinoma, and
pulmonary adenocarcinoma (2-5). Mutations in the Fas gene that cause alterations in the
structure and/or function of Fas have also been detected in many cancers, including
melanoma, T-cell leukemia, thyroid cancer, and lymphoma (6-9), and are also associated
with lymphoproliferative and autoimmune disorders in both mice and humans (10-14).
Therefore, regulation of Fas-mediated apoptosis represents a promising diagnostic and
therapeutic avenue for treatment of multiple cancers, including cholangiocarcinoma (15-20).

Calmodulin (CaM) is a small intracellular protein that primarily functions as an intracellular
mediator of Ca2* signals (21). Elevated levels of Ca2*-bound CaM are associated with
cancer (22), and CaM antagonists inhibit tumor cell invasion in vitro and metastasis in vivo
(23), suggesting that CaM antagonists may prove to be promising chemotherapeutic agents.
CaM antagonists induce apoptosis of cholangiocarcinoma cells, at least in part, through Fas-
mediated apoptotic pathways (24). Recent experimental studies showed that CaM binds to
Fas and regulates Fas-mediated DISC formation (25, 26). Furthermore, binding of CaM to
Fas can be inhibited by the CaM antagonist, trifluoperazine (TFP), in a concentration-
dependent manner (25, 26). The concentration-dependent effect of TFP on CaM-Fas binding
could be directly related to the number of TFP molecules bound to CaM.

CaM is a ubiquitous Ca2* binding protein of 148 residues that regulates a variety of
physiological processes in a Ca?*-dependent manner (21, 27, 28). CaM consists of two
globular domains similar in sequence and structure (the N-domain and the C-domain),
linked by a central helix (29). Each globular domain consists of two helix-loop-helix Ca2*-
binding regions referred to as EF-hand structures (30). In both the Ca2*-bound and Ca%*-free
states, CaM adopts an ‘elongated’ structure in which the two globular domains are
connected by a highly flexible linker (31-37). However, when bound to the CaM antagonist
TFP, the structure of CaM is modified from a ‘dumb-bell’ shape to a compact globular
shape (38). This change in conformation may then inhibit CaM binding to Fas, ultimately
affecting Fas-induced signaling pathways. Fas has a six alpha-helix structure with a single
hydrophaobic site located within helices 5 and 6 (39). The Fas death receptor has the ability
to self-associate or to bind other target proteins, including CaM and the Fas-associated death
domain (FADD), to form the DISC (39, 40), which activates downstream signaling.
Previous studies have shown that helices 1-2 of Fas associate with CaM (41, 42), and this
interaction is tightly regulated during Fas-mediated apoptosis (25). Our recent study showed
that the conformation of Fas could be altered by the Fas V254N mutation or by a C-terminal
deletion mutation, and that these changes directly affect the degree of binding between Fas
and CaM (6). Our study also showed that CaM binding to Fas resulted in conformational
changes in both CaM and Fas, which likely further affects Fas recruitment of FADD to form
the DISC (6). Furthermore, binding of the CaM antagonist, TFP to Ca2*-bound CaM results
in conformational changes in CaM (38, 43-45) and affects CaM/Fas binding in a
concentration-dependent manner (26), thereby inhibiting Fas-mediated DISC formation.

In this study, we investigated the anticooperative characteristics of TFP molecules that were
bound to CaM and the effect of TFP on CaM-Fas binding from both structural and
thermodynamic perspectives using the combined molecular dynamics simulations and
binding free energy analyses. This study provides structural and thermodynamic evidence
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elucidating the role of the CaM antagonist TFP in regulating CaM-Fas binding and Fas-
mediated DISC formation and apoptosis. The results provide the potential for identifying
new drug candidates for regulation of the Fas-mediated signaling pathway of apoptosis for
cancer chemotherapy.

MATERIALS AND METHODS

We performed molecular dynamics (MD) simulations and binding free energy analyses on
CaM bound to different numbers of TFP molecules to characterize the anticooperative
characteristics of TFP molecules that were bound to CaM and to evaluate the conformational
and motion changes in CaM elicited by binding to the different numbers of TFP molecules.
Using the equilibrated conformations of CaM bound to different numbers of TFP molecules,
we constructed complexes of CaM and Fas. These complexes were then used to assess the
effect of TFP molecules on CaM-Fas binding, providing structural insight into the effects of
the CaM antagonist TFP on Fas-mediated recruitment of FADD for DISC formation.

Complex structure preparation

Complex structures of CaM bound to TFP—The initial complex structures of Ca2*-
bound CaM to one TFP (PDBID: 1CTR) (43), two TFPs (PDBID: 1A29) (44), and four
TFPs (PDBID: 1LIN) (45) were obtained from the Protein Data Bank. For the crystal
structure of CaM bound to one TFP, residues 75-81 linking the N- and C- domains were
missing (43). Using the structure of CaM bound to two TFPs as a template, we constructed
the missing residues of CaM bound to one TFP with a homology modelling method using
the MODELLER 9v2 package (46). We performed 30ns MD simulations for the three
structures of CaM bound to different numbers of TFP molecules using the AMBER 9 MD
package (47).

CaM-Fas complex construction—The initial protein structure of the Fas death domain
(1ddf) (39) was obtained from the Protein Data Bank. The structures of CaM bound to
different numbers of TFPs were obtained from equilibrated MD simulations. The initial
complex of Fas with CaM (TFP was not included in the complex) was determined using the
docking utilities, ZDOCK and RDOCK (48-50) using the experimentally known binding site
of CaM in Fas as docking constraint. The performance of the combined ZDOCK/RDOCK
programs has been demonstrated in the Critical Assessment of Prediction of Interactions
(CAPRI) for protein docking (51, 52) and provided satisfactory results from MD simulations
using the predicted protein complexes (6, 53-55). We also have successfully adopted
ZDOCK and RDOCK program to construct the complex of CaM with no TFP bound with
the Fas death domain and validated the calculated change of the binding free energy of
CaM-Fas complex by Fas mutations with those from the experimental studies (6). CaM
binding region in Fas is located within helices 1 and 2 (residues 231-254) of the Fas death
domain (Fas DD) (27). Using the known binding site as a docking constraint, 2000 possible
CaM-Fas complexes were generated using ZDOCK 2.3 docking software (56). Complexes
were scored based on their geometry, desolvation, and electrostatics (48). The RDOCK
program was used to perform the energy minimization for all of the 2000 predicted
complexes through the CHARMM MD simulation package (57). The electrostatic, van der
Waals, and contact energies associated with each of the proposed complexes were
determined and used for ranking (49, 52). The binding energy results of the top three
complexes of Fas with CaM bound to different number of TFP molecules were shown in
Table 2S. The highest ranking structure was chosen to be the most probable CaM-Fas
complex. 30 ns MD simulations were performed for the chosen complexes and the degree of
changed binding free energy of the complexes by binding to different number of TFP
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molecules were calculated based on the MD trajectories and validated with experimental
results to confirm the validity of the constructed CaM-Fas complexes.

Molecular dynamics simulation

To elucidate the structural basis and molecular mechanisms underlying the role of the CaM
antagonist TFP in regulating CaM/Fas binding and Fas-mediated DISC formation, we
performed a total of six 30 ns MD simulations using the AMBER 9 MD package (47) (Table
1). In our previous study, we have performed 30 ns MD simulation of CaM with no TFP
bound and the complex of Fas with CaM not bound to TFP (6). We used the “parm99”
parameters of the AMBER force field for the proteins in the simulated system. The initial
TFP (Figure 1S) structure was obtained from the crystal structure of CaM-1TFP complex
(PDBID: 1CTR) (43). The force field for TFP that is compatible with the general AMBER
force field was determined using the ANTECHAMBER program (58) that is an accessory
module in the AMBER 9 package. The RESP charges for TFP were obtained using the
Gaussian 03 quantum mechanics program, using Hartree-Fock calculation with the 6-31G*
basis set (58-61). The final charges of TFP used in the MD simulation were listed in Table
1S. While different local environment and conformational differences could cause small
charge variations for TFP, using a fixed charge parameter set for TFP was necessary for the
long molecular dynamics simulations. We expect that the new efficient polarizable force
field that is actively developed by Ponder's group (62) will help overcome the need for the
fixed charge in the future.

A standard MD simulation protocol was performed for the six simulated systems. The TFP-
CaM complex, or the CaM-Fas complex, was first minimized and solvated with TIP3P water
molecules (63) in a periodic box with 150 mM physiological NaCl concentration. The
periodic box size of the simulated systems were shown in Table 3S. The solvated system
was first energy minimized with the protein complex and ions restrained, but with water
unrestrained. The solvent was further equilibrated with the protein complex and ions
restrained at a constant number-pressure-temperature (NpT) at 50 K and 1 atm for 20 ps.
The simulated system was warmed via constant number-volume-temperature (NVT) MD
simulations to 300 K by steps of 50 K lasting 10 ps each, with SHAKE constraints and a 2 fs
time step. Production MD simulation of 30 ns at NpT of 300 K and 1 atm was performed for
the simulated system. In the production simulations, SHAKE constraints with a relative
tolerance of 1x10°° were set on all hydrogen-heavy atom bonds to permit a dynamics time
step of 2 fs. The particle-mesh Ewald method was used for electrostatic interaction
calculations (64) with grid spacing of 0.12 nm and interpolation of order 4, and Lennard-
Jones cutoffs set at 1.0 nm. All of the MD simulations were performed on a local DELL
Infiniband Xeon cluster, a local BlueGene cluster, and on the AMD Opterons cluster in the
Alabama Supercomputer Center.

Binding free energy analyses

We calculated and compared the binding free energy difference among the three TFP-CaM
complexes and among the three CaM-Fas complexes to understand the effects of the number
of TFP molecules bound to CaM on TFP-CaM binding and the effects of conformational
changes in CaM caused by binding to TFP(s) on CaM-Fas binding. Binding free energy of
the complex structure over the cumulative time was also used to verify the equilibration of
the complex structure during the MD simulations. The binding free energy of the complex
was calculated with the MM-PBSA method, as described in previous studies (6, 30, 65-67),
which was implemented using the AMBER 9 Molecular Dynamics Software Package. The
MM-PBSA method combines molecular mechanics, continuum electrostatics, solvent
accessible surface area calculations, and normal mode analyses for entropy to calculate the
binding free energy from a series of snapshots obtained from the trajectories of the MD
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simulations. The binding free energy was calculated by finding the energy difference
between the complex and the receptor and ligand as shown in equation (1):

AG:Gcnmp[c.\' - Gprnrcin - Gligand 1)

where G is the average value over the production trajectory

The binding energy is the sum of the molecular mechanics contribution to the energy (also
known as the gas phase energy) and the solvation free energy of the system (Eq. 2). The
solvation free energy is made up of both polar and nonpolar contributions (Eq. 3). The polar
contribution to the solvation free energy is based on the electrostatics of the system, and
calculated using the Poisson-Boltzman equation. In AMBER, this term is computed with the
pbsa solver. The non-polar component is dependent upon the surface area of the molecule
that is accessible to the solvent.

AGbindinngGMM +AG50{\- 2)

AG solv :AGpolar +AGnonpolar (3)

The gas phase contribution to the binding free energy is equal to the difference between the
molecular mechanics energy and the entropy of the system (Eq. 4). The molecular
mechanics portion of the binding energy calculation (Eg. 5) is equal to the sum of the van
der Waals energy, electrostatics energy, and internal energy resulting from bond, angle, and
torsion energies. T represents the temperature and S is the entropy of the system. To
calculate the entropy of the system, the structure of the system was subjected to rigorous
energy minimization, until the step change of energy < 107 kcal/mol. Then the mass-
weighted Hessian matrix for each minimized structure was calculated and diagonalized by
using normal mode analysis (68-70). The frequency of the normal mode was then used to
calculate the conformational entropy (71), using MM-PBSA utility in AMBER 9.

AG,, =AE,, —TAS @)

MM =

AE,;,; =AE,gu+AE cjoc+AEing ©)

The MM_PBSA program in the AMBER 9 MD package was used to calculate the binding
free energy based on snapshots from the MD simulation trajectories. For the polar solvation
energy calculation with the Poisson-Boltzmann equation using the PBSA solver in the
AMBER 9 MD program, dielectrics values for the solute and solvent were chosen as 1 and
78.4 respectively (30). A 150 mM ionic strength and a temperature of 300 K were used for
the energy calculation, identical to conditions for the MD simulations. A grid space of 0.5 A
was used for continuum electrostatics calculations. Calculation of the apolar solvation
energy was based on the solvent-accessible surface area using the Molsurf solver in
AMBER 9 MD program. Snapshots at a time interval of 20 ps from the MD simulation
trajectories after initial equilibration were used to calculate all components of binding free
energy except entropy. Due to the high computational cost for entropy calculations,
snapshots at a time interval of 200 ps were used for the normal mode analysis to calculate
the entropy of the system. The means and standard deviations of the binding free energy
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over the MD simulation trajectories were calculated after the system reached initial
equilibration using the bootstrap statistical method (72). A Student's t-test with 95%
confidence was used to determine whether the effect of the number of TFP molecules bound
to CaM on TFP-CaM binding and the effect of conformational change of CaM caused by
binding to TFP(s) on CaM-Fas binding were statistically significant.

Conformational and structural analyses

A series of analyses were carried out to better understand the conformational and motion
character of CaM bound to different numbers of TFP molecules and the conformational and
motion character of Fas binding to TFP-bound CaM. Root mean square deviations (RMSD)
of protein backbone atoms were analyzed in conjunction with the binding free energy results
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 to observe the conformation fluctuation
of protein domains. Dynamical cross-correlation maps (normalized covariance matrices)
between residues provided insight into which residues have general movements correlating
to the motions of other residues and the degree of this correlation (6, 65). Principal
component analysis (PCA) was calculated to evaluate the essential modes of motion at the
hydrophobic binding pocket of CaM induced by binding to TFP(s) and the distribution of
the relative contribution of the first ten PCA modes of the Fas DD in CaM-Fas complexes.
The primary motion of the system is usually represented by the relatively lower frequency
modes obtained from PCA, and the first PCA mode is usually interpreted as the direction of
the largest conformational fluctuation of the system during MD simulations (73-75). For
PCA analyses, each PCA mode is associated with an eigenvalue that corresponds to the
amplitude of fluctuations along that mode, and each eigenvalue normalized by the sum of all
eigenvalues can be used to represent the relative contribution of a mode to the dynamic
motion of the selected atoms observed in the MD simulation (6).

We calculated hydrogen bond formation within the a-helices, the occupancy of the residues
of the a-helices for CaM and Fas, and the dihedral angle transitions of the residues in Fas to
evaluate structural changes in CaM induced by binding to TFP molecule(s) and structural
changes in Fas caused by binding to CaM. A hydrogen bond was assigned when the distance
between the hydrogen and the acceptor was less than 4 A and the angle of donor — hydrogen
— acceptor was less than 30°. OH and NH groups were treated as donors, and oxygen and
nitrogen atoms were defined as acceptors. The occupancy of each hydrogen bond was
calculated based on the percentage of time that the hydrogen bond existed over the entire
simulation time. The hydrogen bond occupancy of each a-helix in the protein was
considered to be the average occupancy of the hydrogen bonds of each a-helix. An a-helix
was defined to be at least five residues long in a coiled or spiral conformation. If the NH
group of an amino acid formed a hydrogen bond with the C=0 group of the amino acid
found four residues earlier in the sequence, the amino acid was assigned to belong to the a-
helix. The occupancy of each residue in an a-helix was determined based on the percentage
of time that the residue existed in the a-helix over the simulation. Dihedral angle transitions
for the residues in the protein, which are representative of backbone transformations, were
also evaluated for Fas bound to CaM. These analyses were performed with the MD
simulation trajectories obtained after the initial equilibration using the ptraj program of
AMBER. Matlab (76) was used to generate the cross-correlation plots.

Statistical methods

To determine the binding characteristics of TFP molecules that were bound to CaM and to
determine the effect of TFP on CaM-Fas binding, the means and standard deviations of the
binding free energies were calculated. To overcome the tendency of adjacent snapshots from
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the MD trajectories to correlate with one another, we calculated the autocorrelation time t
(77, 78) for the calculated variables in order to re-sample the trajectories into statistically
independent periods for calculation of the standard deviations for the calculated variables.
To avoid the potential problem that the individual quantity could couple to the longest time-
scale system property, we calculated the autocorrelation time with the system RMSD as
performed in our previous studies (6, 78, 79). With a decorrelation time of 2z, we used
bootstrap analyses (72), with a similar protocol to that of Chen and Pappu (80) and our
previous study (79), to calculate the mean and standard deviation of the binding free energy.
Significant differences in the means and standard deviations for the interested variables were
determined using the Student's t-test (81) with 95% confidence.

RESULTS & DISCUSSION

Equilibration of the simulated systems

TFP/CaM complexes—For the complexes of CaM bound to different numbers of TFP
molecules, the RMSD of the backbone of CaM in the complexes over the 30 ns MD
simulation indicated that the system reached initial equilibrium after 15 ns of simulation
(Figure 2S). The binding free energies for the TFP-CaM complexes as a function of
cumulative time over the 30 ns MD simulation also showed that the complexes converged
after 15 ns of MD simulation (Figure 3S). The last 15 ns of MD trajectories were used for
the analyses of the binding free energy and the conformational and motion changes of CaM
induced by binding to TFP.

CaM/Fas complexes—RMSD of protein backbone atoms were analyzed in conjunction
with the binding free energy results to determine the systems’ equilibration tendencies and
its convergence. The binding free energies of the CaM-Fas complexes over the 30ns MD
simulations, which was calculated as the ensemble-averaged value over the production
trajectory, showed that the energy of the systems converged after the first 15 ns of the
production simulation (Figure 4S). The RMSD of the Fas death domain protein core (res
225-318) over the 30 ns MD simulations also showed that the system reached initial
equilibration after 15 ns of simulation (Figure 5S). Although the RMSD of CaM still have
slight drifting after 15 ns of simulation (Figure 6S), it is mainly due to the fact that CaM is a
highly flexible protein resulted from its flexible central linker region. The remaining 15 ns
were then used for the analyses of Fas and CaM conformational changes and binding
thermodynamics.

Binding thermodynamics analysis

Binding characteristics of TFP molecules with CaM—Experimental results from
circular dichroism spectroscopy, together with X-ray diffraction for CaM bound to two TFPs
(CaM-2TFP), suggest that the first TFP molecule binds to the C-terminal hydrophobic
pocket and the second TFP binds to the interdomain site of CaM (44, 82). The crystal
structure of CaM bound to four TFPs (CaM-4TFP) further shows that two TFPs bind at the
hydrophobic pockets of the C-terminal and N-terminal halves, called “intradomain sites,’
and the other two TFPs bind to the central linker region, termed ‘interdomain sites’ (45).
Furthermore, binding of these four TFP molecules changes the conformation of CaM from
an elongated dumb-bell form to a compact globular form (45). High-performance liquid
chromatography binding assay data suggests that binding of the four TFPs to CaM is not
cooperative (83). The calculated binding free energy of the first TFP (TFP-1) with CaM in
the three TFP-CaM complexes: CaM-1TFP, CaM-2TFP, and CaM-4TFP was shown in
Table 2A. The mean of the binding free energy was obtained by averaging over trajectories,
and the standard deviation was calculated with the independent periods of the MD
simulation trajectories using the bootstrap statistics method described in the Methods
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section. The results showed that the second TFP (TFP-2) bound to CaM significantly
decreased the binding affinity between TFP-1 and CaM, as the binding free energy increased
from -14.3+3.3 kcal/mol to - 3.8+2.1 kcal/mol. However, the difference in decreased binding
affinity between TFP-1 and CaM caused by the addition of the third and fourth TFP was not
significantly different from that of the second TFP, as the binding free energy of TFP-1 with
CaM was -5.3£2.7 kcal/mol in the CaM-4TFP complex (Table 2A). We also analyzed the
binding free energy of TFP-2 with CaM in the CaM-2TFP and CaM-4TFP complexes (Table
2B). The results from these analyses showed that the third TFP and the fourth TFP bound to
CaM significantly decreased the binding of TFP-2 to CaM, as the binding free energy of
TFP-2 with CaM was increased from -13.4+5.7 kcal/mol to -4.1+3.8 kcal/mol (Table 2B).
Analysis of the energy components demonstrated that electrostatic energy, van der Waals
energy, polar solvation energy, and entropy all significantly contributed to the change in the
binding free energy of TFP with CaM caused by additional TFP molecules bound to CaM
(Table 2). These calculated results elucidated the binding characteristics of TFP molecules
with CaM from the thermodynamics point of view. The calculated binding free energy
results showed that binding of TFP molecules to CaM was not cooperative, consistent with
experimental observations that binding of four TFPs to CaM is not cooperative (83).

Effect of TFP on CaM-Fas binding—The binding free energy of the CaM-Fas
complexes, including the mean value and the standard deviation was shown in Table 3. The
results showed that one TFP bound to CaM significantly reduced CaM/Fas binding, as the
binding free energy of the CaM-Fas complex changed from -7.1+4.7 kcal/mol for the non-
TFP-bound CaM/Fas complex (6) to -2.3+1.6 kcal/mol for the one TFP-bound CaM/Fas
complex. However, as the number of TFP molecules bound to CaM was increased to two
and four, the binding affinity of the CaM-Fas complex almost completely recovered. The
binding free energies of the two TFP-bound CaM-Fas complex and the four TFP-bound
CaM-Fas complex were equivalent to that of the non-TFP-bound CaM-Fas complex.
Analysis of the changes in the energy components contributing to the binding free energy
showed that the changes of electrostatic energy, van der Waals energy, polar solvation
energy, and entropy resulting from the CaM-Fas interactions all significantly contributed to
the change in the binding free energy (Table 3). The results showed that the effect of TFP on
CaM-Fas binding is dependent on the number of TFP bound to CaM. The number of TFP
molecules bound to CaM is likely directly related to the TFP concentration in the
experimental systems. Therefore, the calculated changes in the binding free energy of CaM-
Fas complexes containing CaM bound to different numbers of TFP molecules were
consistent with the experimental observations that TFP treatment affected CaM/Fas binding
in a concentration-dependent manner (26).

Conformational and structural changes of CaM in CaM-TFP complexes

With the understanding of the thermodynamic basis of the binding characteristics of TFP
molecules with CaM and the validation of the calculated results with experimental results
regarding the anticooperative characteristics of TFP molecules binding to CaM, we further
examined the conformational and motion changes in CaM induced by binding to TFP. The
crystal structure of the Ca2*-bound CaM-4TFP complex shows that the first TFP (TFP1)
binds to CaM in the region of res 92-144, the second TFP (TFP2) binds to CaM in the
regions of res 11-18 and res 109-124, the third TFP (TFP3) binds to CaM in the regions of
res 8-15 and res 72-147, and the fourth TFP (TFP4) binds to CaM in the regions of res 19-32
and res 51-71 (45). These data indicate that more than one region of the protein is involved
in forming a particular TFP-binding site, and that the involved regions of the protein interact
with more than one TFP (45). The calculated RMSF results for CaM in the CaM not bound
to TFP, CaM-1TFP, CaM-2TFP, and CaM-4TFP complexes are shown in Figure 1. The
overall magnitude of RMSF for CaM in CaM-TFP complexes was less than 3 A, which was
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significantly less than the RMSF of CaM not bound to TFP of more than 5 A overall (6).
The more stable structure of CaM bound to TFP compared to CaM not bound to TFP was
directly related to the structural change in CaM from an elongated dumb-bell form without
TFP to a compact globular form when TFP was bound. The RMSF of CaM bound to
different numbers of TFP molecules also exhibited differences, particularly in the binding
regions for TFP molecules, and these changes were dependent on the number of TFP
molecules bound to CaM (Figure 1). The conformational stability changes in CaM induced
by binding to different numbers of TFP molecules could directly contribute to the
experimental observations and the calculated results regarding the non-cooperative
characteristics of TFP molecules binding to CaM, and could further affect binding of CaM
to Fas.

The crystal structures of CaM bound to TFP (43-45) showed that the hydrophobic pockets of
the C-terminal and N-terminal halves of CaM and the central linker region of CaM form the
binding regions for different TFP molecules. To understand the binding characteristics of
TFPs bound to CaM, we focused on elucidating the PCA mode of the binding pocket formed
by the C-terminal and N-terminal halves of CaM in the CaM-TFP complexes (Figure 2). The
regions of res 5-20 (shown in red) and res 120-130 (shown in brown) correspond to the
helixes in the C and N termini of CaM that form a binding pocket for TFP (Figure 2). The
motion directions of the first PCA mode of the two helices that form the TFP binding pocket
are shown on the atomic structures of the TFP-CaM complexes (Figure 2). Comparison of
the direction and amplitude of the first PCA mode at the binding pocket of CaM in the TFP-
CaM complexes showed that for the C-terminal helix (res 5-20) and the N-terminal helix
(res 120-130), a stronger and more parallel anti-correlated motion tendency was observed
for the CaM-1TFP complex compared to the CaM-2TFP and CaM-4TFP complexes. A
dispersive motion direction was observed for the CaM-2TFP and CaM-4TFP complexes,
further demonstrating the anticooperative characteristics of TFP molecules bound to CaM as
observed in the experimental study (83).

In the absence of TFP, CaM adopts an “‘elongated’ structure in which the two globular
domains, composed of six a-helices, are connected by a highly flexible linker composed of
one a-helix (31-37). With TFP molecules bound to CaM, the structure of CaM is modified
from a “dumb-bell’ shape to a compact globular shape (38). We analyzed a-helix formation
and hydrogen bond formation within the a-helices of CaM in CaM-TFP complexes over the
last 15 ns of MD simulation trajectories. Results from this analysis revealed that TFP
molecules bound to CaM caused the CaM linker region, which is composed of one a-helix,
to split into two a-helices (Figure 3). Significantly different residue occupancies of the al
and o8 helices in CaM were observed for the CaM-1TFP complex compared to that of the
CaM-2TFP and CaM-4TFP complexes (Figure 3). Different numbers of TFP molecules
bound to CaM resulted in different hydrogen bond occupancies for the a-helices,
particularly for the a4 helix, which is located within the linker region of CaM that serves as
a binding region for TFP molecules (Figure 8S). The altered a-helix length contributed to
changes in the hydrogen bond occupancy within the a-helix. These changes could directly
affect the conformational stability and motion of CaM in TFP-CaM complexes as observed
in Figure 1 and Figure 2.

Conformational and structural changes of Fas in CaM-Fas complexes

With the validation of the calculated results of the effect of TFP on CaM/Fas binding with
the experimental results (26), we further investigated the conformational and motion
changes of Fas by binding to TFP-bound CaM, providing structural insight about the effect
of TFP on Fas-induced DISC formation. We examined the structural stability of Fas with
RMSF analyses, and assessed the motion of Fas with dynamical cross correlation maps and
PCA analyses. RMSF of the Fas death domain (Fas DD) showed that CaM bound to a
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different number of TFPs caused a different degree of fluctuation for the CaM binding site
in Fas (res 231-270), including the residues around the key residue Val 254 that is critical
for CaM-Fas binding (27) (Figure 4). Compared to the RMSF of Fas bound to non TFP-
bound CaM (6), 1TFP-bound CaM resulted in an increased fluctuation at the CaM binding
site in Fas, while either 2TFP-bound CaM or 4TFP-bound CaM resulted in a decreased
fluctuation at the CaM binding site in Fas. The conformational stability changes in Fas
induced by interactions with CaM bound to different number of TFP molecules could
provide structural evidence to support previous experimental observations that TFP
treatment affected CaM/Fas binding in concentration-dependent manners (26).

Dynamical cross-correlation maps were used to investigate the correlated motion between
residues in the Fas DD (Figure 5). The top left halves of Figure 5 are the cross-correlation
maps for the Fas DD in the non TFP-bound CaM-Fas complex (6), while the bottom right
halves are the cross-correlation maps for the Fas DD in the 1TFP-bound CaM-Fas complex,
2TFP-bound CaM-Fas complex, and 4TFP-bound CaM-Fas complex. When compared to
the dynamic cross-correlation map for the Fas DD in the CaM-Fas complex with CaM not
bound to TFP (6), the Fas DD showed a significantly increased degree of correlated motion
among residues in the binding sites of CaM in Fas (res 231-270) and a significantly
increased degree of anti-correlated motion between C-terminal of Fas (res 320-340) and the
binding site of CaM in Fas (res 231-270) when bound to 1TFP-bound CaM (Figure 5A). For
the 2TFP-bound CaM-Fas complex, the Fas DD showed a significantly increased degree of
correlated motion (red) between res 280-320 and the partial binding site of CaM in Fas (res
220-240) (black ellipse) and a significantly increased degree of anti-correlated motion (blue)
between the binding site of Fas in CaM (res 231-270) and C-terminal of Fas (res 320-340)
(white ellipse) compared to the Fas DD in the non-TFP-bound CaM/Fas complex (Figure
5B). For the 4TFP-bound CaM-Fas complex, the Fas DD showed an overall significant
increase in correlated motion for res 237-317, including an increase in the degree of
correlated motion between res 280-320 and the partial binding site of CaM in Fas (res
220-240) (black ellipse), and an overall significant increase in anti-correlated motion
between C-terminal of Fas (res 320-340) and the binding site of CaM in Fas (res 231-270),
including an increase in the degree of anti-correlated motion between the partial binding site
of CaM in Fas (res 257-277) and the C-terminal of Fas (res 320-340) (white ellipse) when
compared to the Fas DD in the non-TFP-bound CaM-Fas complex (Figure 5C). The
significantly changed degree of correlated and anti-correlated motion for residues in the Fas
DD in TFP-bound CaM-Fas complexes compared to those in the non-TFP-bound CaM-Fas
complex could directly contribute to effects on CaM/Fas binding. Effects on formation of
the CaM-Fas complex may then affect Fas-mediated recruitment of FADD for DISC
formation to signal apoptosis, as observed in experiments showing that TFP treatment
affects CaM/Fas binding and apoptosis (26).

We also performed PCA analysis for the Fas in the CaM-Fas complexes to calculate the
distribution of the relative contribution of the first ten PCA modes of the Fas in CaM-Fas
complexes (Figure 6). The results showed that the contribution of the first mode to the
dynamic motion of the Fas in the 1 TFP-bound CaM-Fas complex was significantly larger
than that of the Fas in the non-TFP-bound CaM-Fas complex. However, the contribution of
the first mode to the dynamic motion of the Fas in the 2TFP-bound and 4TFP-bound CaM-
Fas complexes were very similar to that of the non-TFP-bound CaM-Fas complex (Figure
6). These dynamic motion changes induced by one TFP bound to CaM could directly
contribute to the binding changes in the CaM-Fas complex caused by TFP binding to CaM
(Table 3).

The structure of the Fas DD is primarily composed of six a-helices (39). The CaM binding
region is located within the a1 and a2 helices of the Fas death domain, and the a5 and o6
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helices of the Fas death domain are involved in FADD binding (27, 84). Therefore, we
analyzed a-helix formation and hydrogen bond occupancy within the a-helices of Fas, as
well as the number of dihedral angle transitions for all Fas residues in CaM-Fas complexes
over the last 15 ns of MD simulation trajectories (Figure 7, Figure 9S, and Figure 10S). a-
helix formation analysis revealed a significantly changed residue occupancy of the a-helices
and changed lengths of the a2, a3, a4 and a6 helices in Fas for the 1TFP-bound, 2TFP-
bound, and 4TFP-bound CaM-Fas complexes compared to the non-TFP-bound CaM-Fas
complex (Figure 7).The a2 and a3 helices of Fas are either the binding site or are located
near the binding site for CaM, and the o4 and a6 helices of Fas are either adjacent to or
serve as the binding site in Fas for FADD. Altered a-helix formation could contribute to
CaM-Fas binding as observed in Table 3, and could affect binding of Fas to FADD.
Different numbers of TFP molecules bound to CaM resulted in different hydrogen bond
occupancies for the a-helices of Fas, particularly for the a2, a3, a4 and a6 helices of Fas
(Figure 9S). The number of dihedral angle transitions for all residues of Fas in CaM-Fas
complexes over time is shown in Figure 10S. These results reveal a significantly decreased
number of dihedral angle transitions for all Fas residues in the 1TFP-bound, 2TFP-bound,
and 4TFP-bound CaM-Fas complexes compared to the non-TFP-bound CaM-Fas complex
(Figure 10S A, B and C). However, changes in the number of TFP molecules bound to CaM
also resulted in different numbers of dihedral angle transitions for all Fas residues in CaM-
Fas complexes (Figure 9S D). The altered a-helix formation, hydrogen bond occupancy
within the a-helices, and dihedral angle transitions for residues in Fas induced by binding to
CaM bound to different numbers of TFP molecules could contribute to the conformational
and motion changes of Fas in CaM-Fas complexes as observed in Figures 4, 5, and 6. These
changes may also affect Fas recruitment of FADD to form the DISC complex and signal
apoptosis.

CONCLUSIONS

Taken together, these data demonstrate that the number of TFP molecules bound to CaM
directly affects the degree of conformational and motion changes of CaM in TFP-CaM
complexes and Fas in CaM-Fas complexes. Binding of one TFP molecule to CaM resulted
in strong and almost parallel anti-correlated motion between the C-terminal helix and the N-
terminal helix, which form a binding pocket for TFP, while binding of two or four TFPs
caused an increase in dispersive motion direction between the two helices. Binding of TFP
to CaM is negatively affected by binding of additional TFP molecules, consistent with
experimental observations that binding of four TFPs to CaM is not cooperative (83). The
number of TFP molecules bound to CaM also directly influenced a-helix formation and
hydrogen bond occupancy within the a-helices of CaM, contributing to the conformational
and motion changes within the protein. These changes in CaM affected binding of CaM to
Fas, resulting in changes in a-helix formation, hydrogen bond occupancy within the a-
helices, and dihedral angle transitions for the residues of Fas, further influencing the
conformational and motion changes of Fas in CaM-Fas complexes. These changes in Fas
may interfere with the recruitment of FADD for DISC formation. The effect of TFP on the
CaM-Fas interaction is dependent on the number of TFP molecules bound to CaM,
consistent with experiments showing that CaM-Fas binding is affected by TFP in a
concentration-dependent manner (26). These results provide important molecular evidence
to understand the structural consequences induced by binding of CaM to different numbers
of TFP molecules and to explain the effects on Fas caused by interactions with CaM bound
to different numbers of TFP molecules. These results will further facilitate understanding of
the concentration-dependent effects of TFP on the CaM-Fas interaction and Fas-mediated
DISC formation, as observed in experimental studies (26). These studies also provide
important insight into strategies for the identification of other CaM antagonists for use as as
potential drug candidates to regulate Fas-mediated apoptosis for cancer chemotherapy.
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Figure 1.

RMSF comparison of CaM in different CaM/TFP complexes.
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Figure 2.

Principal dynamic modes for the residues 5-20 of CaM (brown) and the residues 120-130 of
CaM (yellow) from CaM/TFP complexes. CaM was shown as new cartoon. TFPs were
shown as licorice in green. Ca2* was shown in red sphere. (A) CaM from CaM/1TFP
complex. (B) CaM from CaM/2TFP complex. (C) CaM from CaM/4TFP complex. The
images were made with VMD program.
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Figure 3.
Residues of o helix occupancy of CaM in TFP-CaM complexes
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Figure 4.
RMSF comparison of the Fas Death Domain protein core (res 225-318) in the CaM/Fas
complex for different simulation cases.
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Figure 5.

Dynamic cross-correlation maps for the degree of correlated motion of the residues in the
Fas DD from CaM-Fas complexes. (A) Fas DD from wildtype CaM-Fas complex (6) (top
left) compared to the Fas DD from CaM-1TFP-Fas complex (bottom right). (B) Fas DD
from wildtype CaM-Fas complex (6) (top left) compared to the Fas DD from CaM-2TFPs-
Fas complex (bottom right). (C) Fas DD from wildtype CaM-Fas complex (6) (top left)
compared to the Fas DD from CaM-4TFPs-Fas complex (bottom right).
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Distribution of percent of eigenvalues obtained from PCA analysis for Fas in the CaM-Fas
complexes.
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Residues of o helix occupancy of Fas in CaM-Fas complexes
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Table.1

Six systems simulated in this study

System  TFP - CaM complex CaM - Fas complex

o o A~ W N

1TFP - CaM

2TFP - CaM

4TFP - CaM
1TFP bound CaM — Fas
2TFP bound CaM — Fas
4TFP bound CaM - Fas
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Binding free energy between TFP-1 and CaM
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CaM bound with one TFP  CaM bound with two TFPs

CaM bound with four TFPs

A Buaw -489+35 37727
A Eglectrostatic 4921 27+18
A Gponpolar-solvation 6.7 0.2 6.6+03
A Gpolar-solvation 231+36 16.0+ 2.9
ATS 23.1%6.5 -27.2£6.0
A Gpinding -143+33 38+2.1
A 4 Coining 105 +2.38

-33.6+3.2
-8.7+2.6
-5.8+0.4
204+43
-22.7+£55
-53+27

*
9.0 £3.0

All values in this table were expressed in terms of kcal/mol. AEyd\y is the van der Waals energy, AEg|ectrostatic is the electrostatic energy,
AGpolar-solvation is the polar solvation energy, AGnopolar-solvation is the nonpolar solvation energy, ATS is the energy contributed from
solute entropy, AGpinding is the binding free energy for the complex, and AAGhinding is the relative binding free energies between CaM and the
first TFP for the systems of CaM bound to two TFPs or four TFPs with respect to the system of CaM bound to one TFP.

*
Differences are statistically significant (Student's t-test, p<0.05)
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Table 2 (B)
Binding free energy between TFP-2 and CaM

CaM bound with two TFPs  CaM bound with four TFPs

A Eyaw 385+30 28830
A Exteerosta 86420 56425
A Grompolarsohtion -6:3 0.4 53+04
A Gpolarsohvaion  20.0£2.8 173£31
ATS 199457 18344
A Giinging 134%57 41+38
A A Grinding 93 +438

All values in this table were expressed in terms of kcal/mol. AEyd\y is the van der Waals energy, AEg|ectrostatic is the electrostatic energy,
AGpolar-solvation is the polar solvation energy, AGnopolar-solvation is the nonpolar solvation energy, ATS is the energy contributed from
solute entropy, AGpinding is the binding free energy for the complex, and AAGhinding is the relative binding free energies between CaM and the
second TFP for the system of CaM bound to four TFPs with respect to the system of CaM bound to two TFPs.

*
Differences are statistically significant (Student's t-test, p<0.05)
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Table 3

Free energy calculation for Fas binding to CaM bound to TFPs
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CaM (6) CaM bound toone TFP  CaM bound to two TFPs

CaM bound to four TFPs

A Evgw 43.4+42 -33.9+62 598457
A Eelectrostatic -484.8 + 535 -364.5+52.8 -2235+39.2
A Gyonationslectrostatic ~ 476.9 + 49.9 373.9+50.2 245.6 + 24.0
A Geolyation-nopolar -84+06 6107 109+ 1.1
ATS 525+29 284+26 -415+35
A Gbinging 7147 2.3+16 6.9+37
A A Ginging 49" 535 02+42

-64.6+8.3
-448.4 + 36.8
473.8+42.3

-11.0+0.6

-442+42

-6.1+22

1.1+36

All values in this table were expressed in terms of kcal/mol. AEyd\y is the van der Waals energy, AEg|ectrostatic is the electrostatic energy,
AGpolar-solvation is the polar solvation energy, AGnopolar-solvation is the nonpolar solvation energy, ATS is the energy contributed from
solute entropy, AGpinding is the binding free energy for the complex, and AAGhinding is the relative binding free energies with respect to the

complex of Fas and CaM not bound to TFP.

*
Differences are statistically significant (Student's t-test, p<0.05)
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