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ABSTRACT: Thrombospondin-1 (TSP1) binding to calreticulin (CRT) on the cell surface stimulates association
of CRT with LDL receptor-related protein (LRP1) to signal focal adhesion disassembly and engagement of
cellular activities. The structural basis for this phenomenon is unknown. We studied the binding thermo-
dynamics of the TSP1-CRT complex and the conformational changes in CRT induced by binding to TSP1
with combined binding free energy analysis, molecular dynamics simulation, and anisotropic network model
restrained molecular dynamics simulation. Results showed that mutations of Lys 24 and Lys 32 in TSP1 to
Ala and of amino acids 24-26 and 32-34 in CRT to Ala significantly weakened the binding of TSP1 and
CRT,which is consistent with experimental results. Upon validation of the calculated binding affinity changes
of the TSP1-CRT complex by mutations in key residues in TSP1 and CRT with the experimental results, we
performed conformational analyses to understand the role of TSP1 binding to CRT in the induction of
conformational changes in CRT. Conformational analyses showed that TSP1 binding to CRT resulted in a
more “open” conformation and a significant rotational change for the CRT N-domain with respect to the
CRT P-domain, which could expose the potential binding site(s) in CRT for binding to LRP1 to signal focal
adhesion disassembly. Results offer structural insight into the role of TSP1 binding to CRT in CRT-induced
focal adhesion disassembly.

Interactions of cells with the extracellular matrix are essential
for many cellular functions, including growth, differentiation,
migration, and survival. Intermediate adhesion is an adaptive
state of cell adhesion characterized by restructuring of focal
adhesions and stress fibers while a spread cell shape is main-
tained (1). Studies show that the interaction of the matricellular
protein thrombospondin-1 (TSP1)1 with the cell surface protein
calreticulin (CRT) enhances binding of CRT to the LDL
receptor-related protein complex (LRP1). This interaction pro-
motes signaling that stimulates focal adhesion disassembly,
leading to the intermediate adhesive phenotype, cell migration,
and also resistance to anoikis (2-7). TSP1 signaling through the
CRT-LRP1 complex is thought to be important for cellular
responses to injury and tissue remodeling through stimulation
of intermediate adhesion, survival, and cell motility. In addi-
tion, recent evidence suggests that TSP1 signaling through the
CRT-LRP1 complex also promotes extracellular matrix remo-
deling through stimulation of collagen production (Sweetwyne,

Van Duyn, Pallero, Liu, and Murphy-Ullrich, manuscript in
preparation).

TSP1, a multifunctional matricellular protein with multiple
receptors, has been implicated as a critical regulator of wound
healing, fibrosis, angiogenesis, inflammation, tumor cell metas-
tasis, atherosclerosis, hemostasis, and thrombosis (2-4, 8-18).
Structurally, TSP1 is a large (420 kDa) disulfide-linked homo-
trimeric glycoprotein. Each monomer of TSP1 is composed of
N- and C-terminal globular domains, which are connected by a
rodlike segment (8). TheN-terminal domain of TSP1 binds to the
cell surface protein CRT, which enhances binding of CRT to
LRP1 to form a receptor cocomplex to signal focal adhesion
disassembly. The CRT binding site in TSP1 has been localized to
amino acids 17-35 (ELTGAARKGSGRRLVKGPD) called
hep I peptide, and the two lysine residues in hep I peptide
(residues 24 and 32 of the TSP1 N-domain) are critical for hep I
peptide binding to CRT (19). The crystal structure of the TSP1
N-domain has been determined (20), providing a basis for
structural studies of the interaction of the TSP1 N-domain with
CRT, which is important for the regulation of cellular functions.

CRT, a ubiquitous calcium-binding protein, localizes to the
endoplasmic reticulum (ER), but also to non-ER compartments,
including the cell surface (21). CRT at the cell surface exerts a
number of physiological and pathological effects, including the
regulation of cell adhesion, cell migration and resistance to
anoikis (3, 4, 6, 22, 23), clearance of apoptotic cells (24),
inhibition of angiogenesis and suppression of tumor growth (25),
and enhancement of wound healing (26). Structurally, CRT has
three domains: a globular β-sandwich N-domain, a proline-rich
β-hairpin P-domain, and a calcium-binding C-domain (27).
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The P-domain ofCRT extends from theN-domain in a spiral-like
conformation, although the overall conformation of the P-
domain indicates a certain flexibility (28, 29). The conformational
plasticity of the P-domain has been established, indicating that
the P-domain of CRT is able to adapt distinct conformations
dependent upon its interactions with other proteins (27). A three-
dimensional structural model of CRT has been constructed on
the basis of the crystal structure of calnexin (30) and the NMR
structure of the P-domain of CRT (28). This model has been
consistent with experimental findings, particularly with respect to
the role of His 153 in protein folding (31). The N-terminal
domain of the cell surface protein CRT interacts with the TSP1
N-domain to signal intermediate adhesion (2, 3). Specifically, the
CRT binding site for TSP1 is an 18-residue sequence (CRT19.36,
RWIESKHKSDFGKFVLSS) in the N-terminal domain of
CRT (3). The cluster of basic amino acids 24-26 and amino
acids 32-34 in CRT are critical for TSP1 binding and func-
tion (6).

Molecular dynamics (MD) simulations have been extensively
used to study the protein structure and dynamics. To overcome
the potential time scale limitation of the MD simulations, the
anisotropic network model (ANM) that uses a reduced descrip-
tion of protein structure consisting of only the R-carbon for each
residue (32, 33) is able to analyze protein conformational changes
over a long time scale (33-39). Combining the strengths of MD
simulation with atomic details and ANM for long time scale
simulation, ANM restrained MD simulations were adopted for
the evaluation of the protein conformational changes (40).

In this study, we constructed a validated TSP1-CRT complex
and, using combined protein docking, molecular dynamics (MD)
simulations, and binding free energy calculations, assessed the
conformational changes in CRT induced by binding to TSP1
using both MD simulations and anisotropic network model
restrained MD simulations. Results from this study offered
structural insight into the role of TSP1 binding to CRT in
formation of the CRT-induced signaling cocomplex for focal
adhesion disassembly.

MATERIALS AND METHODS

Construction of the TSP1-CRT Complex. On the basis
of the structures of the N-domain of TSP1 [Protein Data Bank
(PDB) entry 1Z78] (20) and theN-domain, P-domain, and partial
C-domain of CRT (31), the experimentally known binding sites
between TSP1 and CRT (residues 17-35 in TSP1 and residues
19-36 in CRT) (2, 3, 19), and the key residues in TSP1 required
for TSP1-CRT binding (Lys 24 and Lys 32 in TSP1) (19) as
restraints (Figure 1S of the Supporting Information), we con-
structed the TSP1-CRT complex using combined protein dock-
ing, MD simulations, and binding free energy calculations. The
constructed complex was functionally validated with the results
from biochemical experiments. The protocol for predicting the
structure of the TSP1-CRT complex is shown in Figure 1. Rigid
docking in combination with rescoring and refinement has
previously been shown to improve protein docking perfor-
mance (41, 42). In this study, we adopted two pathways in
parallel for construction of the protein complex (Figure 1). Both
pathways use the same rigid docking program ZDOCK, the
performance of which has been proven in the critical assess-
ment of prediction of interactions (CAPRI) challenge (43), but
use a different refinement and rescoring program. The first
pathway used for the TSP1-CRT complex prediction combined
ZDOCK and the refining program RDOCK. The combined
ZDOCK/RDOCK programs have demonstrated their per-
formance in CAPRI for protein docking (42, 43) and by
satisfactory results from molecular dynamics (MD) simulations
using the predicted protein complexes (44-46). The second
pathway for TSP1-CRT complex prediction utilized a combina-
tion of the rigid docking programZDOCK, the ranking program
ZRANK (47), and the structural refining program Rosetta-
Dock (48), which has previously been shown to significantly
improve protein docking performance (41). Detailed protocols
for two complex construction pathways and the identification of
a functionally validated TSP1-CRT complex are described in
the Supporting Information.

FIGURE 1: Protocol for TSP1-CRT complex prediction.
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Molecular Dynamics Simulations. In addition to identify-
ing a functionally validated TSP1-CRT complex from protein
docking andbinding free energy analyses, we also performed four
30 ns MD simulations (Table 1) to examine the effects of the
mutations in TSP1 and CRT on TSP1-CRT binding free energy
and to investigate the conformational changes in CRT induced
by binding to TSP1. We used the AMBER 9 MD package (49)
for theMD simulations. TheMD simulations were performed in
a periodic box (the size of the box depends on the simulated
system). One nanometer 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 (50) and 150 mM NaCl (physiological salt
concentration). Additional ions of Naþ or Cl- were added to
the system to neutralize the charge of the protein complex. The
AMBER force field was used for the simulated systems in
combination with a standard MD simulation protocol similar
to that of our previous studies (51-53). Briefly, the MD
simulation protocol included (1) steepest descent minimization
for the solvent with the protein and ions restrained butwith water
mobile, (2) equilibration of water with mobile water molecules
but with the protein and ions restrained at constant number-
pressure-temperature (NpT) at 50 K 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 300 K with SHAKE constraints and 2 fs
time steps, and (4) production simulation at NpT of 300 K and
1 atm for the assigned time length of either 10 or 30 ns in this
study. In the production simulations, SHAKE constraints with a
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 (PME)
method (54). The Lennard-Jones cutoffs were set at 1.0 nm. The
root-mean-square deviation (RMSD) and binding free energy of
each complex were calculated over time to ensure that the system
reached equilibration during the MD simulations. The simula-
tion trajectories after the initial equilibration were used for the
binding free energy and conformational analyses.
Binding Free Energy Calculations. To identify a function-

ally validated TSP1-CRT complex from the four potential
complexes predicted from protein docking, to understand the
effect of TSP1 and CRT mutations on the binding affinity of the
TSP1-CRT complex, and to validate the constructed TSP1-
CRT complex, we calculated the change in binding free energy of
the predicted TSP1-CRT complex caused bymutations in TSP1
and CRT and compared these results to experimental results
(2, 6, 19). With a series of snapshots obtained from the trajec-
tories of the MD simulations, the binding free energies for the
predicted TSP1-CRT complex and mutants were calculated by
the molecular mechanics Poisson-Boltzmann surface area
(MM-PBSA) method (55-59). The MM-PBSA method com-
bines molecular mechanics, Poisson-Boltzmann electrostatics
for polar solvation free energy, apolar solvation energy based on

solvent-accessible surface area, and normal-mode analyses for
entropy to calculate the binding free energy for the protein
complexes. Details for the calculations of binding free energy
of the TSP1-CRT complex with the MM-PBSA method are
detailed in the Supporting Information.
Anisotropic Network Model (ANM) Restrained MD

Simulation. To overcome the potential time scale limitation of
the 30 ns MD simulation for modeling TSP1-CRT interactions
andCRT conformational changes caused by binding toTSP1, we
also utilized ANM restrainedMD simulations (40) to studyCRT
and the TSP1-CRT complex. ANM restrained MD simulations
were used to further elucidate the conformational changes in
CRT caused by binding to TSP1 and to validate the simulation
results from 30 ns MD simulations. Functionally important
conformational transitions can often be represented by a few of
the lowest-frequency normal modes, which describe simplified
protein motion that may not be observed by MD simulations at
nanosecond time scales (60). The anisotropic network model
(ANM), using a reduced description of protein structure consist-
ing of only the R-carbon for each residue (32, 33), calculates the
normal modes of motion of the protein. ANM computes the
potential motion of proteins on the basis of only the static
structure and thus does not involve dynamics, which are im-
portant for protein interactions. ANM restrained MD (40),
which uses the deformations derived from ANM analysis as
restraints in MD simulations, determines the conformational
change of the protein over a long time scale. Therefore, this
combined method could overcome the time scale limitation for
traditionalMD simulations and incorporate the effects of explicit
residues and interaction with solvents at an atomic level that the
ANM method loses in its analysis. The protocol for anisotropic
network model (ANM) restrained MD simulation is detailed in
the Supporting Information.

The MD simulations, binding free energy calculations, and
ANM restrained MD simulations were performed on a local
DELL infiniband Xeon cluster, a local Bluegene cluster, and the
clusters in the Alabama Supercomputer Center.
Conformational Analyses. After validation of the con-

structed TSP1-CRT complex by a comparison of calculated
and experimental changes in binding free energy caused by
mutations in key residues in TSP1 and CRT, we performed
conformational analyses to understand the role of TSP1 binding
toCRT in induction of conformational changes inCRTusing the
MD simulation trajectory. We calculated the root-mean-square
fluctuations (RMSFs) of CRT before and after it binds to TSP1
on a residue-by-residue basis by averaging over the production
trajectories after the initial equilibration. In addition to RMSF
analyses, we also analyzed the dynamical cross-correlation map
between the residues of CRT. Through this analysis, we inves-
tigated the degree of correlated motion between residues in the
protein, the distancematrix between the residues of CRT, and the
relative orientation angle between the CRTN- and P-domains to
assess changes in the conformation of CRT caused by binding to
TSP1. To confirm that the conformational analysis results from
the 30 ns MD simulation were not limited by the time scale of
MDsimulations, we analyzed the conformational change inCRT
by binding to TSP1 based on the ANM-MD simulations and
compared the results with those from the MD simulations.
Statistical Methods. To determine the effect of TSP1 muta-

tions and CRT mutations on TSP1-CRT binding and CRT
conformational changes induced by binding to TSP1, we cal-
culated the means and standard deviations of the analyzed

Table 1: Four Systems for 30 ns MD Simulations

system CRT TSP1-CRT complex

1 CRT wild type (WT)

2 TSP1 WT-CRT WT

3 TSP1 mutant-CRT WT

4 TSP1 WT-CRT mutant
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variables. Adjacent snapshots from the MD trajectories tend to
be correlatedwith one another. The autocorrelation time τ for the
calculated variables was calculated as in a previous study (61),
which was determined on the basis of the system RMSD. With a
decorrelation time of 2τ, we used bootstrap analyses (62), with a
protocol similar to that of Chen and Pappu (63), to resample the
frames of the simulation trajectories into statistically independent
samples to calculate the standard deviations of the interested
variables and ensure statistical independence (61). Each newly
generated sample data set was used to calculate the averages for
the variables in which we were interested, and the average for
each resampled data set was used for the calculation of the
standard deviation. Significant differences in the mean and
standard deviations for the variables in which we were interested
were determined using the Student’s t test (64) with 95%
confidence.

RESULTS AND DISCUSSION

Identification of the Final TSP1-CRT Binding Mode
from the Four Potential BindingModes of the TSP1-CRT
Complex. Four binding modes for the TSP1-CRT complex
were predicted with two protein docking pathways (Figure 2S
of the Supporting Information). To further identify the final
TSP1-CRT binding mode, the functionally important roles
of TSP1 residue 32 alone and residues 24 and 32 together
in TSP1-CRT binding free energy were used as the scoring
criterion.

The root-mean-square deviation (RMSD) of the TSP1 N-do-
main and the CRT N-domain and the partial C-domain of the
TSP1-CRT complexes over the 10 ns MD simulations showed
that the system reached the initial equilibration after 5 ns of MD
simulations (Figure 3S of the Supporting Information). TheCRT
P-domain is a highly flexible region, so the RMSD of the CRT
P-domain was not used for the evaluation of the initial equilibra-
tion of the system. The binding free energies of the four predicted
TSP1-CRT complexes and their eight mutants (K32Amutation
alone and K24A and K32A mutations together for each of the
predicted complexes) over the 10 nsMD simulations, which were
calculated as the ensemble-averaged value over the MD simula-
tion trajectories, converged after 5 ns of MD simulations (Figure
4S of the Supporting Information). MD simulation trajectories
from 5 to 10 ns were used for binding free energy calculations.
The calculated binding free energy results for the four predicted
TSP1-CRT complexes and their eight mutants included the
mean value and the standard deviation obtained with the boot-
strap statistical analysis method (Table 1S of the Supporting
Information). Experimental studies previously showed that mu-
tation of Lys 24 and Lys 32 of the TSP1 hep I peptide (residues
17-35) to Ala resulted in the loss of the ability of the peptide to
inhibit formation of the TSP1-CRT complex (2). Furthermore,
residue 32 is required for binding of TSP1 to CRT to signal focal
adhesion disassembly (19). The calculated changes in the binding
free energy of the TSP1-CRTcomplex caused by the single TSP1
K32A mutation and by the double TSP1 K24A and K32A
mutations for binding modes 1 and 4 were consistent with
previous biochemical studies (Table 1S of the Supporting In-
formation). However, for complex mode 4, the binding of the
wild-type TSP1-CRT complex is quite weak, which was not
consistent with the experimental results. Thus, complex mode 1
was identified as the predicted TSP1-CRT complex (Figure 2S
of the Supporting Information).

Binding Thermodynamics Analysis for the Identified
TSP1-CRT Complex and Its Mutants. In addition to the
critical roles of residues 24 and 32 in TSP1 for TSP1-CRT
binding (2, 19), residues 24-26 and 32-34 of CRT are also
critical for TSP1-CRT binding (6). To validate the con-
structed TSP1-CRT complex, we calculated the binding free
energy for the wild-type TSP1-CRT complex, the TSP1
K24A/K32A mutant-CRT complex, and the TSP1-CRT
mutant complex with residues 24-26 and 32-34 of CRT
mutated to Ala, based on the 30 ns MD simulation trajec-
tories. The RMSD of the TSP1 protein and the CRT N-domain
and partial C-domain showed that all simulations reached the
initial equilibration after 15 ns of MD simulations (Figure 2).
The binding free energy over the 30 ns MD simulations of the
three complex systems also showed system convergence
after 15 ns (Figure 3). Therefore, the last 15 ns of the MD
trajectories for the three systems was used to calculate the
binding free energy, including the mean value and standard
deviation (Table 2). The calculated results showed that the
K24A and K32A mutations in TSP1 resulted in the bind-
ing free energy changing from -10.58 ( 1.52 to -0.66 (
1.64 kcal/mol, almost abolishing TSP1-CRT binding, which
was qualitatively consistent with the experimental observa-
tion (2, 19). The calculated results also showed that the muta-
tion of residues 24-26 and 32-34 of CRT to Ala significantly
decreased the binding free energy of the TSP1-CRT complex

FIGURE 2: (A) RMSD for the TSP1 N-domain in TSP1-CRT
complexes over the 30 ns MD simulation. (B) RMSD for the CRT
N-domain and the partial C-domain in TSP1-CRT complexes over
the 30 ns MD simulation.
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from -10.58 ( 1.52 to -7.43 ( 1.98 kcal/mol, which was also
qualitatively consistent with the experimental observation (6).

Analysis of the energy components shown in Table 2 showed
that TSP1 mutations and CRTmutations resulted in a change in
the electrostatic energy of the complex from-816.36( 7.78 kcal/
mol for the wild type to -398.22 ( 9.77 kcal/mol with TSP1
mutations and -922.18 ( 9.80 kcal/mol with CRT mutations,
the change in the van derWaals energy from-66.98( 1.44 kcal/
mol for the wild type to -98.51 ( 1.11 kcal/mol with TSP1
mutations and-88.41( 1.37 withCRTmutations, the change in
the polar solvation energy from 839.63 ( 8.11 kcal/mol for the
wild type to 455.33 ( 9.30 kcal/mol with TSP1 mutations and
963.48( 10.80 kcal/mol with CRTmutations, and the change in
the entropy of the protein from -42.62 ( 1.16 kcal/mol for the
wild type to -54.15 ( 1.33 kcal/mol with TSP1 mutations and
-51.34 ( 0.86 kcal/mol with CRT mutations. These results
showed that the electrostatic energy, van derWaals energy, polar
solvation energy, and entropy of the TSP1-CRT complex were
all significantly changed by the TSP1 mutations or CRT muta-
tions. Both the charge changes in the TSP1-CRT protein

complex and the conformational changes in TSP1 and CRT
could affect the changes in the electrostatic energy, van derWaals
energy, and polar solvation energy, and the conformational
changes in TSP1 and CRT could directly contribute to the
entropy changes.
Conformational Changes in CRT Induced by Binding to

TSP1 in MD Simulations. CRT alone and CRT in TSP1-
CRT complexes exhibited initial equilibration after 15 ns of MD
simulation (Figure 2 and Figure 5S of the Supporting In-
formation). Therefore, the last 15 ns of MD simulation trajec-
tories was used for the conformational analyses. TheRMSFof both
CRT alone and CRT in the TSP1-CRT complex showed that
most of the residues of CRT in the TSP1-CRT complex were
more stable than those in unbound CRT (Figure 4A), including
the residues in and adjacent to the CRT binding site for TSP1.
Dynamical cross-correlationmaps that investigated the degree of
correlated motion between residues in the protein provided
further insight into the effect of TSP1 binding to CRT on CRT
conformational changes (Figure 4B). The top left half of
Figure 4B shows the cross-correlation map of CRT in the
TSP1-CRT complex, while the bottom right half shows the
map for CRT alone. With TSP1 bound to CRT, an increased
degree of correlated motion between residues in the CRT
N-domain (residues 1-180) (red) and an increased degree of
anticorrelated motion between residues in the CRT N-domain
and the CRT P-domain (blue) were observed when compared to
CRT alone. The distance matrix was calculated for the average
distance between the residues in CRT over the last 15 ns of
MD simulations (Figure 4C). The top left half of Figure 4C
shows the distance matrix for CRT in the TSP1-CRT complex,
and the bottom right half shows the distance matrix for CRT
alone. TSP1 binding to CRT resulted in a significantly increased
distance between the partial CRT P-domain (amino acids
200-270) and the CRT N-domain (amino acids 1-180), as
shown by the increased degree of red patch in Figure 4C. This
observation was supported by results from the dynamical cross-
correlation map showing that TSP1 binding to CRT resulted in
an increased degree of anticorrelated motion between residues in
the CRT N-domain and P-domain (Figure 4B). These results
suggested that TSP1 binding to CRT results in a more “open”
conformational configuration between the CRT N- and
P-domains compared to CRT alone.

In addition to amore open conformation between the CRTN-
and P-domains resulting from CRT binding to TSP1, a signifi-
cantly changed angle for the CRTN-domain relative to the CRT
P-domain was also observed (Figure 5). The angle between the
CRTN- and P-domains was defined to be the angle of one vector
formed by residues 129 and 145 in the CRTN-domain relative to
one plane formed by residues 190, 210, and 240 in the CRT
P-domain (Figure 5A). TSP1 binding to CRT resulted in a
change in the orientation angle of the CRT N-domain relative
to the P-domain from 110.4 ( 4.6� to 77.6 ( 3.1� (Figure 5B).
The significantly changed rotational angle and the more open
conformation of the CRT N-domain relative to the P-domain
might expose additional residues important for CRT recruit-
ment of LRP1 to form a ternary signaling cocomplex. Therefore,
these observations provide structural and molecular insight
regarding the experimental observation that TSP1 binding
to CRT enhances binding of CRT to LRP1 to signal cellular
activities (2-7).
Conformational Changes in CRT Induced by Binding to

TSP1 in ANM Restrained MD Simulations. To verify that

FIGURE 3: Binding free energy over the 30 nsMDsimulations for the
constructed TSP1-CRT complex and the mutant complex.

Table 2: Calculated Binding Free Energies for the TSP1-CRT Complex

and Its Mutantsa

TSP1

WT-CRT

complex

TSP1

mutant-CRT

complex

TSP1-CRT

mutant

complex

ΔEelec -816.36 ( 7.78 -398.22 ( 9.77 -922.18 ( 9.80

ΔEvdw -66.98 ( 1.44 -98.51 ( 1.11 -88.41 ( 1.37

ΔGSA -9.49 ( 0.16 -13.41 ( 0.13 -11.66 ( 0.09

ΔGPB 839.63 ( 8.11 455.33 ( 9.30 963.48 ( 10.80

TΔS -42.62 ( 1.16 -54.15 ( 1.33 -51.34 ( 0.86

ΔGcalc -10.58 ( 1.52 -0.66 ( 1.64 -7.43 ( 1.98

ΔΔGcalc 9.92b 3.15b

results from

biochemical

studies (2, 6, 19)

strong abolished

binding (2, 19)

weakened

binding (6)

aAll values in this table have units of kilocalories per mole. ΔEelec is
the electrostatic energy, ΔEvdw the van der Waals energy, ΔGSA the
nonpolar solvation energy, ΔGPB the polar solvation energy, TΔS
the solute entropy, ΔGcalc the binding free energy of the complex, and
ΔΔGcalc the relative binding free energy with respect to the wild-type
TSP1-CRT complex. bDifferences that are statistically significant
(Student’s t test; p < 0.05).
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30 ns MD simulations of CRT and the TSP1-CRT complex
were able to capture the conformational characteristics of CRT
binding to TSP1, we performed ANM restrained MD simula-
tions for CRT alone and the TSP1-CRT complex. On the basis
of the eigenvalue distribution and degree of collectivity from

ANM analyses (Figure 6S, Table 2S, and Table 3S of the
Supporting Information), we selected two modes in the first
cycle for ANM restrained MD simulations. With the final
structure from the ANM restrained MD simulations in the
first cycle, the first two modes from ANM analysis were chosen
for the second loop to performANMrestrainedMDsimulations,
based on the eigenvalue distribution and degree of collectivity
(Figure 6S of the Supporting Information). This procedure
was repeated for the third cycle until the RMSD of the CRT
backbone, using the starting structure as a reference, reached 6 Å
(Figure 6). Figure 6 shows the RMSD of backbone CR atoms
from the initial structure of both the single CRT and CRT in the
TSP1-CRT complex and the corresponding energy change. The
black (minus) and red (plus) curves represented two equally
possible directions. On the basis of the mode selection criteria,
the two lowest modes were chosen to perform in one cycle.
After one mode, a short energy minimization was performed.

FIGURE 5: (A) Definition of the angle for the CRT N-domain with
respect to the CRTP-domain. The vector formed by residues 129 and
145 in the CRT N-domain relative to the plane formed by residues
190, 210, and 240 in the CRT P-domain. (B) Angle between the CRT
N- and P-domains for CRT alone and CRT in the TSP1-CRT
complex.

FIGURE 4: (A) RMSF comparison of CRT N- and P-domains for
CRT alone and CRT in the TSP1-CRT complex. (B) Dynamical
cross-correlation maps for the degree of correlated motion of the
residues in CRT alone (bottom right) and CRT in the TSP1-CRT
complex (top left). (C) Distancematrix for CRT alone (bottom right)
and CRT in the TSP1-CRT complex (top left).
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The structure that had the lower energy was used as the starting
structure in the next mode. After the calculation of three cycles,
the conformation departs from the very initial structure by a
RMSD of 6 Å. The comparison of the final structures of CRT
alone and CRT in the TSP1-CRT complex showed a more open
conformation between the CRT N- and P-domains when CRT
was bound to TSP1 (Figure 7). This observation was further
supported by the distance matrix for the final structure of CRT

alone (bottom right half) and CRT in the TSP1-CRT complex
(top left half) (Figure 7S of the Supporting Information). The
distance matrix shows that TSP1 binding to CRT resulted in an
increased distance between the partial CRT P-domain (residues
200-270) and the CRT N-domain, which was shown by
the increase in red patches (Figure 7S of the Supporting
Information). These observations were consistent with the results
from 30 ns MD simulations, validating the conformational

FIGURE 6: RMSDof backbone CR atoms and energy of CRT inANM-MDsimulations. (A) Single CRT. (B) TSP1-CRT complex. The black
(minus) and red (plus) curves represent two equally possible directions.
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analysis results from 30 ns MD simulations for CRT alone and
the TSP1-CRT complex.

CONCLUSIONS

In this study, we constructed a functionally validated TSP1-
CRT complex and assessed the conformational changes in CRT
induced by binding to TSP1. The results demonstrate that
mutation of Lys 24 and Lys 32 in TSP1 to Ala and of amino
acids 24-26 and 32-34 in CRT to Ala significantly weakened
the binding of TSP1 and CRT, consistent with experimental
results. TSP1 binding to CRT resulted in a more open conforma-
tion and a significantly changed rotational angle for the CRT
N-domain with respect to the CRTP-domain. These changes could
expose the potential binding site(s) in CRT for the recruitment of
LRP1 to form a ternary signaling cocomplex. Conformational
changes in CRTwhen it binds to TSP1 offered structural insights
into experimental observations about the role of binding of TSP1
to CRT in the stimulation of association of CRT with LRP1 to
signal focal adhesion disassembly, cell migration, and resistance
to anoikis. The binding site of LRP1 in CRT is still unknown.
Understanding the conformational change characteristics of
CRT via its binding to TSP1 could help to identify the potential
binding site(s) of LRP1 in CRT in the future. Results from this
study about the conformational characteristics of CRT in its
binding to TSP1 may also provide a structural basis for the
identification of novel strategies and potentially effective ligands
for regulation of the conformation of CRT and thereby its
induced cellular activities, including extracellular matrix remo-
deling and cellular responses to injury in tissue repair and
cardiovascular diseases. Physiologic levels of calcium and zinc
are known to enhance TSP1-CRT binding (3). The constructed
TSP1-CRT complex in this study also provides a basis for
further investigation of the binding of Zn2þ or Ca2þ to CRT and
its effect on CRT conformation and TSP1-CRT binding.
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SUPPORTING INFORMATION AVAILABLE

The detailed protocols for two complex construction pathways
and the identification of a functionally validated TSP1-CRT
complex, the MM-PBSA method, and the protocol for aniso-
tropic network model (ANM) restrained MD simulation are
described in detail. Binding restraints for construction of the
TSP1-CRT complex are shown in Figure 1S. Four potential
binding modes for the TSP1-CRT complex were predicted with
two protein docking pathways (Figure 2S and Table 1S). The
RMSD of TSP1 and CRT and the binding free energy of the
predicted TSP1-CRT complexes and their mutant over the MD
simulations showed that that the system reached the initial
equilibration after 5 ns of MD simulations (Figures 3S and
4S). CRT alone exhibited initial equilibration after 15 ns of MD
simulation (Figure 5S). We performed ANM analyses to obtain
the eigenvalue distribution and degree of collectivity for CRT
alone and CRT in complex (Figure 6S, Table 2S, and Table 3S).
The distance matrix for the final structure of CRT alone (bottom
right half) and CRT in the TSP1-CRT complex (top left half)
based on ANM analyses showed a more open conformation
between the CRT N- and P-domains when CRT was bound to
TSP1 (Figure 7S). The PDB file of the constructed TSP1-CRT
complex is available upon request. This material is available free
of charge via the Internet at http://pubs.acs.org.
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