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ABSTRACT: Thrombospondin-1 (TSP1) binding to cell surface calreticulin (CRT) TSP1-binding E."t?“ial %RPI"CRT single CRT
stimulates the association of CRT with low-density lipoprotein (LDL) receptor- siteon CRT 2 mg?eon /

related protein (LRP1) to signal focal adhesion disassembly and engagement of TSPI ) v A a1 CRT in TSPI-CRT
cellular activities. A recent study demonstrated that membrane rafts are necessary for M A‘XA fﬁ’i complex
TSP1-mediated focal adhesion disassembly, but the molecular role of membrane rafts S A,

in mediating TSP1—CRT—LRP1 signaling is unknown. In this study, we investigated
the effect of lipid bilayer environments on TSP1 and CRT interactions via atomically
detailed molecular dynamics simulations. Results showed that the microscopic
structural properties of lipid molecules and mesoscopic mechanical properties and
electrostatic potential of the bilayer were significantly different between a 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer and a raftlike lipid bilayer [a
POPC/cholesterol (CHOL) raftlike lipid bilayer or a POPC/CHOL/sphingomyelin
(SM) raftlike lipid bilayer], and the difference was enhanced by SM lipids in a raftlike
lipid bilayer. These bilayer property differences affect the interactions of CRT with
the bilayer, further influencing CRT conformation and TSP1—CRT interactions. A raftlike lipid bilayer stabilized CRT
conformation as compared to a POPC bilayer environment. TSP1 binding to CRT resulted in a conformation for the CRT N-
domain more “open” than that of the CRT P-domain in a raftlike lipid bilayer environment, which could facilitate binding of
CRT to LRP1 to engage downstream signaling. The open conformational changes of CRT by binding to TSP1 in a raftlike lipid
bilayer were enhanced by SM lipids in a lipid bilayer. The direct interactions of both the N- and P-domains of CRT with the
bilayer contribute to the more open conformation of CRT in the TSP1—CRT complex on a raftlike lipid bilayer as compared to
that on a POPC bilayer. The interactions of CRT or the TSP1—CRT complex with the lipid bilayer also caused CHOL
molecules and/or lipids to be more coordinated and to aggregate into patchlike regions in the raftlike lipid bilayers. The lipid and
CHOL molecule coordination and aggregation could in turn affect the interactions of CRT with the membrane raft, thereby
altering TSP1—CRT interactions and CRT conformational changes that potentially regulate its interactions with LRP1. This
study provides molecular insights into the role of lipid bilayer environments in TSP1—CRT interactions and in the CRT
conformational changes that are predicted to facilitate binding of CRT to LRP1 to engage downstream signaling events.
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POPC in grey; CHOL in orange; and SM in green

ell-coordinated integration of complex biological and wound healing and injury, including fibroblasts, endothelial
molecular events associated with cell adhesion, cell cells, macrophages, vascular smooth muscle cells, and T
migration, and extracellular matrix remodeling is required for lymphocytes.' ™ Structurally, TSP1 is a large homotrimeric
regenelrative medicine, including wound healing in response to glycoprotein, and each monomer of TSP1 is composed of N-
injury.” Regulation of these cellular processes represents points and C-terminal globular domains, which are connected by a
of intervention for therapeutics for deficient wound healing or rodlike segment.” Binding of the N-terminal domain of TSP1

excessive repair resulting in fibrosis and scarring’”'* The
matricellular protein thrombospondin-1 (TSP1) interacts with
cell surface protein calreticulin (CRT) to promote binding of
CRT to low-density lipoprotein (LDL) receptor-related protein
(LRP1) to form the TSP1—CRT—LRP1 ternary complex,
which is critical for signaling intermediate adhesion, cell
migration, and anoikis resistance.'®”!* TSP1 stimulates
collagen expression and matrix deposition by fibroblasts in
vitro and during tissue remodeling in vivo in a CRT-dependent
and TGF-f-independent manner.” TSP1—CRT interactions
also regulate T cell motility and migration.'®"” Received: May 29, 2014
TSP1 is a multifunctional matricellular protein that is widely Revised:  September 15, 2014
expressed and secreted from a variety of cell types relevant to Published: September 15, 2014

to the cell surface protein CRT enhances the interaction
between CRT and LRPI to form a receptor co-complex that
induces intermediate adhesion and stimulates cell migration,
anoikis resistance, and collagen synthesis in endothelial cells
and fibroblasts.”'*'*~'* The CRT-binding sequence of TSP1
regulates collagen expression and organization during tissue
remodeling.9 The CRT-binding site in TSP1 has been
identified as a sequence of 19 amino acids (amino acids 17—
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Table 1. Nine Systems for 300 ns MD Simulations

protein bilayer CRT
POPC CRT_POPC
POPC—-CHOL CRT_POPC-CHOL

POPC—-CHOL-SM CRT_POPC-CHOL-SM

TSP1—CRT complex no protein
TSP—CRT_POPC POPC
TSP—CRT_POPC-CHOL POPC—-CHOL

TSP—CRT_POPC-CHOL-SM POPC—-CHOL-SM

35, ELTGAARKGSGRRLVKGPD), and lysine residues 24 and
32 of TSP1 are critical for binding of TSP1 to CRT to signal
focal adhesion disassembly.*® The crystal structure of the TSP1
N-domain has been determined,” providing a basis for
structural studies of the interaction of the TSP1 N-domain
with CRT.

CRT, a calcium-binding protein, is localized to and has
functions in multiple cellular compartments, including the cell
surface, the endoplasmic reticulum, and the extracellular
matrix.>>~> CRT in the endoplasmic reticulum regulates
intracellular calcium stores and downstream calcium-dependent
signaling, including TGF-f-regulated transcription,40 and acts
as a chaperone, whereas CRT at the cell surface regulates cell
adhesion, migration, anoikis resistance, and collagen production
when bound to TSP17'*'*'*#*'*# in addition to modulating
clearance of apoptotic cells and enhancement of wound
healing.®® Structurally, CRT has three domains: a globular j3-
sandwich N-domain, a proline-rich f-hairpin P-domain, and a
calcium-binding C-domain.** The TSP1-binding site in CRT is
an 18-residue sequence (amino acids 19—36, RWIESKHKSD-
FGKFVLSS), and a cluster of amino acids 24—26 and amino
acids 32—34 in the CRT N-domain is critical for binding of
CRT to TSPL.'%'*

Although the importance of TSP1 and CRT interactions for
cell functions related to tissue repair and remodeling is clear,
the structural and molecular mechanism by which TSP1
engagement of cell surface CRT initiates signaling complex
formation with LRP1 remains unclear. Our recent computa-
tional studies of TSP1 and CRT interactions in solvent
demonstrated that binding of TSP1 to CRT results in a
significant conformational change in CRT upon TSP1
binding,** and we know that binding of the TSP1 peptide to
CRT increases the association of CRT with LRP1 in cell
membrane fractions.'”> Our working model posits that the
TSPl-induced changes in the CRT N- and P-domain
interactions expose the LRP1-binding site in CRT.*
Experimental studies suggest that interactions of cell surface
CRT with the membrane can potentially influence its responses
to TSP1 binding and engagement of LRP1, and membrane rafts
are necessary for TSP1-mediated focal adhesion disassembly.'!
The roles of CRT—membrane interactions and of lipid bilayer
environments in TSP1—CRT interactions and its induced
cellular activities have not been investigated.

Membrane rafts are highly ordered membrane subdomains
rich in cholesterol (CHOL) and sphingomyelin (SM).*
Membrane rafts play important roles in cellular functions,
including membrane trafficking and signaling.*’ Experimental
studies have demonstrated that membrane rafts can affect
membrane protein functions*® >° and provide the required
environment for the function of various proteins such as the
acylated Src family kinases, glycosylphosphatidylinositol-anch-
ored proteins, and G protein-coupled receptors.”’ Molecular
dynamics (MD) simulations have been used to study the effect
of the raftlike lipid bilayer on the bilayer properties, including
the condensing effect of CHOL on the bilayer.>*> Barker et al.
showed that membrane rafts are required for TSP1-CRT
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binding-induced focal adhesion disassembly;11 however, the
molecular role of membrane rafts in mediating signaling
through TSP1—CRT interactions remains unknown. In this
study, we investigated the interactions of CRT and the TSP1—
CRT complex with a lipid bilayer and the raftlike lipid bilayers
and their effects on the conformational changes of CRT and
TSP1—CRT interactions via atomically detailed MD simu-
lations. Results from this study provide molecular insights into
the roles of the raftlike lipid bilayer in TSP1—CRT interactions.

B MATERIALS AND METHODS

Molecular Dynamics Simulations. To elucidate the
structural basis and molecular mechanisms underlying the
effects of the raftlike lipid bilayer on TSP1—CRT interactions,
we performed a total of nine 300 ns molecular dynamics (MD)
simulations using the GROMACS 4.5.4 MD simulation
package®® (Table 1). Three types of lipid bilayer systems
were used in the MD simulations. A lipid bilayer was modeled
as a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
bilayer with 1152 lipids. We modeled two different raftlike lipid
bilayer environments. The first raftlike lipid bilayer was
modeled as a bilayer of POPC lipids mixed with cholesterol
(CHOL) (POPC—CHOL bilayer) with CHOL constituting
40% of the number of the molecules in the raftlike lipid
bilayer.**>~>” The second raftlike lipid bilayer contained
sphingomyelin (SM) (POPC—CHOL—SM bilayer) in a 3:4:3
ratio of the number of POPC lipids, CHOL molecules, and SM
lipids. The membrane raft is enriched in CHOL,* and there is
25—-50% of CHOL in the plasma membrane of different
cells.>>® To investigate the effect of a raftlike bilayer
environment on TSP1—CRT interactions, the relatively high
concentration of 40% CHOL in a raftlike lipid bilayer is chosen
as a representative CHOL concentration to mimic the
membrane raft environment.”> The micro- and mesoscopic
properties of the POPC bilayer with or without CHOL and/or
SM were examined. The effects of the POPC lipid bilayer and
the raftlike lipid bilayers on the conformational changes of CRT
and the TSP1—CRT complex and on the interactions of the
bilayer with proteins were investigated.

The initial structure of a 128-lipid POPC bilayer was
obtained from Tieleman’s group®®®" and was equilibrated for
S0 ns. A lipid bilayer composed of 1152 POPC lipids was
generated by periodic replication of the equilibrated 128-lipid
Tieleman’s structure to yield a system with lateral dimensions
of roughly 18.6 nm X 18.6 nm. A POPC—CHOL bilayer
system (80 POPC and 54 cholesterol; ~40% CHOL in the
system) was obtained from Hub’s group®>®® and equilibrated
for 50 ns. A 1206-molecule POPC—CHOL bilayer system with
lateral dimensions of roughly 15.8 nm X 15.8 nm (the ratio of
the number of POPC lipids and CHOL molecules was kept as
3:2) was formed from Hub’s equilibrated 134-molecule
POPC—CHOL structure. A POPC—CHOL-SM (1:1:1
POPC:CHOL:SM ratio) bilayer system containing 1024 lipid
molecules was obtained from Niemeli.®* Sixteen random
POPC lipids and 17 random SM lipids in each leaflet of the
1024-lipid POPC—CHOL—SM bilayer from Niemeld were
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Figure 1. Initial model for the TSP1—CRT complex in a POPC—CHOL raftlike lipid bilayer environment (water and ions are not shown for the
sake of clarity) (red for TSP1, blue for CRT, yellow for the potential LRP1-binding site in CRT, green for the CRT-binding site on TSP1, purple for
the TSP1-binding site on CRT, gray for the POPC lipid, and orange for CHOL). The left panel is a side view, and the right panel is a top view.

replaced with CHOL to yield a 1024-molecule POPC—
CHOL-SM bilayer with a 3:4:3 POPC:CHOL:SM ratio and
lateral dimensions of roughly 14.5 nm X 14.5 nm.

A three-dimensional structural model of CRT has been
constructed on the basis of the crystal structure of calnexin®
and the nuclear magnetic resonance (NMR) structure of the P-
domain of CRT.®® This model has been consistent with
experimental findings, particularly with respect to the role of
His153 in protein folding® In our recent studies,” we
constructed a TSP1—CRT complex as shown in Figure S1 of
the Supporting Information using combined protein docking,
MD simulations, and binding free energy calculations, and the
constructed complex was validated with the results from
biochemical experiments that showed either the K24A and
K32A mutations in TSP1 or the mutation of residues 24—26
and 32—34 of CRT to Ala significantly decreased the level of
TSP1—-CRT complex binding.'>'*** With the CRT structure
and the TSP1—-CRT complex obtained from the previous
studies,*>*” by using VMD,®® the TSP1—CRT complex is
oriented relative to the bilayer surface on the basis of the
following considerations. (1) The N-domain of TSP1 used in
the simulations is oriented away from the bilayer surface. (2)
The potential LRP1-binding site in CRT (yellow region shown
in Figure 1) is oriented away from the bilayer surface. (3) Th
TSP1-binding site in CRT (purple region shown in Figure 1)
and CRT-binding site in TSP1 (green region shown in Figure
1) are oriented away from the bilayer surface. (4) There is at
least 0.6 nm between the atoms of the bilayer surface and the
atoms of CRT to avoid the steric collision between CRT and
the bilayer surface in the initial stages of the simulation. The
orientation of the TSP1—CRT complex relative to the surface a
POPC lipid bilayer is the same as that of the TSP1-CRT
complex relative to the surface of the raftlike lipid bilayers. The
orientation of a single CRT relative to the bilayer surface is
similar to that of the CRT in the TSP1—CRT complex. The
initial model of the TSP1—CRT complex in a POPC—CHOL
raftlike lipid bilayer environment is shown in Figure 1 (water
and ions are not shown for the sake of clarity) and Figure S2 of
the Supporting Information (protein, bilayer, water, and ions
are all shown). The distance between the TSP1—CRT complex
or CRT and the bilayer boundary along the x and y axes was
kept at 1 nm at least to reduce potential artifacts arising from
periodicity in MD simulations. We used the Berger’s non-
polarizable united-atom empirical force field that could
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properly reproduce the lipid tail order parameters and lipid
headgroup area and reasonably reproduce PC lipid headgroup
orientation,*”*””® GROMOS96 43a2 force field for protein and
ions,”' and single-point charge (SPC) water with Berger’s
parametrization.”> These force fields could be found in the
GROMACS 4.5.4 MD simulation package.>*

The MD simulations were performed in a periodic box (the
size of the box depends on the simulated system). The MD
simulation protocol similar to our previous studies*>”>~% for
the simulated systems includes (1) solvation of the system in a
single SPC water box with 100 mM NaCl for the simulated
system with a buffer of 2 nm between the protein—bilayer
surface and the boundary along the z axis that was ensured to
reduce potential artifacts arising from periodicity; (2) steepest
descent minimization of the solvent with the protein, lipids, and
ions restrained but with mobile water; (3) equilibration of the
water with the protein, lipids, and ions restrained at NPT at 50
K and 1 atm for 20 ps; (4) warming of the system via a series of
10 ps constant number—volume—temperature MD simulations
at 50, 100, 150, 200, 250, 300, and 310 K with LINCS
constraints®" and 2 fs time steps; and (5) a 300 ns equilibration
simulation at constant number—pressure—temperature of 310
K and 1 atm using Nose-Hoover temperature coupling®>** and
Parrinello—Rahman pressure coupling.** The final temperature
of 310 K was chosen to ensure simulation of the lipid bilayer
and raftlike lipid bilayer in the liquid crystalline phase.*”** In
the production simulations, LINCS constraints®' 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)®***” with a grid spacing of
0.12 nm and interpolation of order four. The Lennard-Jones
cutoffs were set at 1.0 nm.

The lipid headgroup area, autocorrelation of lipid headgroup
orientation, and the radius of gyration (R;) of CRT were
calculated over time to ensure that the system reached the
steady state during the MD simulations. The lipid headgroup
area over time was calculated to evaluate the lipid bilayer
equilibration. Lipid headgroup orientation autocorrelation,
calculated as in our previous study,’® was used to examine
the autocorrelation function of the time-dependent vector
between the phosphorus and nitrogen (PN angle) of the lipid
molecule and to determine the dynamical relaxation of lipid
molecules. The radius of gyration (R,) of a single CRT or CRT
in the TSP1—-CRT complex in different bilayer environments
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was calculated over time to determine the protein’s
equilibration tendencies. The simulation trajectories after the
initial equilibration and relaxation were used for the analyses of
protein conformation, the interactions of protein with the
bilayer, and the micro- and mesoscopic properties of the lipid
bilayer and the raftlike lipid bilayers.

Statistical Methods. To compare differences in micro- and
mesoscopic properties between a POPC lipid bilayer and
raftlike lipid bilayers, which could also affect interactions of cell
surface CRT with TSP1, the average values and standard
deviations of the analyzed variables were calculated. Because
the adjacent snapshots from the MD trajectory have the
tendency to be correlated with each other, the autocorrelation
times’”*® for the studied variables were obtained to resample
the trajectories into statistically independent periods to
calculate the standard deviations for studied variables. With
the obtained decorrelation times, bootstrap analysis®® was
performed following an analysis protocol similar to that of
Chen and Pappu and our previous studies.*””>~*" Significant
differences in the mean and standard deviations for the studied
variables were determined using the Student’s ¢ test”® with 95%
confidence.

B RESULTS AND DISCUSSION

Equilibration of the Simulated Systems. The lipid
headgroup areas of POPC lipids in a POPC lipid bilayer and
the POPC—CHOL and POPC—CHOL—-SM raftlike lipid
bilayer over 300 ns MD simulations were calculated to evaluate
the equilibration of the bilayer system (Figure S3a of the
Supporting Information). The lipid headgroup orientation (the
angle between the phosphorus and nitrogen of the lipid
molecule) autocorrelations for a POPC lipid bilayer, a POPC—
CHOL raftlike lipid bilayer, and a POPC—CHOL—SM raftlike
lipid bilayer were calculated to determine the dynamic
relaxation of lipid molecules (Figure S3b of the Supporting
Information). These calculations showed that all the bilayer
systems reached an initial steady state after 200 ns (Figure
S3a,b of the Supporting Information). Radii of gyration of CRT
showed that the protein reached the initial steady state after
200 ns (Figure S3c of the Supporting Information). On the
basis of the results of the lipid headgroup area, lipid headgroup
orientation autocorrelations, and the radius of gyration of CRT
over 300 ns MD simulations, the last 100 ns MD simulation
trajectories were used for the analyses of the effect of the
raftlike lipid bilayer on TSP1—CRT interactions.

Microscopic and Mesoscopic Properties of a POPC
Lipid Bilayer and Raftlike Lipid Bilayers. We analyzed the
micro- and mesoscopic properties of a POPC bilayer and two
raftlike lipid bilayers that could affect interactions of CRT with
a bilayer, further influencing TSP1—CRT interactions and the
conformational status of CRT in different bilayer environments.
For microscopic properties, we examined the lipid headgroup
area, lipid tail order, and bilayer thickness. For mesoscopic
properties, we analyzed the bilayer mechanical behavior-related
parameters (bending modulus and compressibility modulus)
and analyzed the electrostatic potential of a POPC bilayer and
raftlike lipid bilayers.

Microscopic Properties. The headgroup area per lipid
molecule was calculated by the projected area that spanned
the lateral dimensions of the simulated system divided by the
number of lipid molecules. The result showed that the lipid
headgroup area in a raftlike lipid bilayer, either a POPC—
CHOL raftlike lipid bilayer (0.42 + 0.001 nm*) or a POPC—
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CHOL—-SM raftlike lipid bilayer (0.41 + 0.001 nm®), was
significantly smaller than that in a POPC bilayer (0.60 = 0.001
nm?) (Table 2), which was consistent with the observations in

Table 2. Structural Properties of a Lipid Bilayer and Two
Raftlike Lipid Bilayers

system A? (nm?) d° (nm)
POPC bilayer 0.60 + 0.001 3.99 + 0.009
POPC—CHOL raftlike lipid bilayer 042 £ 0.001  4.54 £ 0.015
POPC—CHOL—-SM raftlike lipid bilayer =~ 041 + 0.001  4.53 + 0.005

“Lipid headgroup area. bBilayer thickness.

previous studies.*”" Previous experimental studies show that
for a salt-free POPC bilayer, values of 0.66 nm?® (T = 310 K),*>
0.68 nm? (T = 303.15 K),”* 0.60 nm? (T = 303.15 + 2 K), 0.65
nm? (T = 298 K),”* and 0.63 nm? (T = 297 K)** have been
reported for the area per lipid for POPC bilayers. Previous
studies also show that the addition of NaCl in a POPC bilayer
system significantly affects the structural properties of a POPC
lipid bilayer through the binding of cations to the lipid—water
interface, which decreases the area per lipid for a salt-free
POPC bilayer at 310 K from 0.65 to 0.60 nm*”" The lipid
headgroup area of 0.60 nm? for a POPC lipid bilayer with NaCl
at 310 K in this study is consistent with that in a previous
study.”!

The thickness of the bilayer was calculated as the distance
between the phosphorus atoms of lipids in two leaflets averaged
over the last 100 ns simulation trajectories. Results showed that
the thickness of a raftlike lipid bilayer, either a POPC—CHOL
raftlike lipid bilayer (4.55 + 0.015 nm) or 2 POPC—CHOL—
SM raftlike lipid bilayer (4.53 + 0.005 nm), was significantly
larger than that of a POPC bilayer (3.99 + 0.009 nm) (Table
2), indicating the lipids are more ordered in a raftlike lipid
bilayer than that in a POPC bilayer. There was no significant
difference in lipid headgroup area and bilayer thickness between
a POPC—CHOL raftlike lipid bilayer and a POPC—CHOL—
SM raftlike lipid bilayer (Table 2).

The tail order parameters of the two acyl chains of POPC
lipids were calculated for the comparison of POPC tail order in
a POPC bilayer, a POPC—CHOL raftlike lipid bilayer, and a
POPC—CHOL—SM raftlike lipid bilayer using the last 100 ns
simulation trajectories (Figure 2). The order parameters were
calculated using the method described previously.**?® Results
showed that the tail order of the POPC lipid was significantly
increased in a raftlike lipid bilayer compared to that in a POPC
bilayer. There was no significant difference in POPC tail order
in a POPC—CHOL raftlike lipid bilayer or in a POPC—
CHOL—SM raftlike lipid bilayer. These changes, together with
the headgroup area per lipid and bilayer thickness presented
above, suggest that CHOL and SM molecules in raftlike lipid
bilayers cause packing and ordering of the bilayer.

Mesoscopic Properties. Mechanical Properties. Cell mem-
brane mechanical properties could directly affect cellular
functions through their permeability and deformability. Studies
have shown that the elastic properties of a lipid bilayer
influence the function of membrane-bound proteins.”” To
understand the cell surface CRT functions in different bilayer
environments, we analyzed the mechanical behavior of a POPC
bilayer, a POPC—CHOL raftlike lipid bilayer, and a POPC—
CHOL—-SM raftlike lipid bilayer. The area compressibility
modulus that describes the energetics of increases and
decreases in membrane areas was calculated on the basis of
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Figure 2. POPC lipid tail order parameter in a POPC bilayer, a
POPC—CHOL raftlike lipid bilayer, and a POPC—CHOL-SM
raftlike lipid bilayer. (a) Tail order parameter for the oleoyl carbon
atom. (b) Tail order parameter for the palmitoyl carbon atom. The
error bars are the standard deviation calculated on the basis of the
statistically independent periods of MD simulation trajectories
obtained as described in Statistical Methods.

the fluctuations of the projected area according to the formula
used in previous studies.*””® Results showed that although a
POPC—CHOL raftlike lipid bilayer increased the area
compressibility modulus (52.38 + 3.79 mN/m) compared to
that of a POPC bilayer (49.85 + 1.82 mN/m), the change was
not significant (Figure 3a). With the SM lipids in the raftlike
lipid bilayer (a POPC—CHOL—SM raftlike lipid bilayer), the
area compressibility modulus was significantly increased to
94.89 + 2.64 mN/m (Figure 3a).

The bending modulus of a bilayer was calculated on the basis
of the total root-mean-square amplitude of the undulation
modes in the system and the project area of the system as in
previous studies.*””” Similar to the area compressibility
modulus result, a POPC—CHOL raftlike lipid bilayer slightly
increased the bending modulus (1.94 X 107" J) compared to
that of a POPC bilayer (0.43 X 107" J), but for a POPC—
CHOL—-SM raftlike lipid bilayer, the bending modulus was
significantly increased to 8.80 X 107" J (Figure 3b). These
results indicated that raftlike lipid bilayer integrity is important
for interactions of cell surface CRT with the membrane bilayer
and CRT functions, consistent with experimental observa-
tions.""

Electrostatic Potential. The electrostatic potentials of the
simulated systems were calculated along the bilayer normal (z
axis) from the average charge densities by solving Poisson’s
equation via an integral of the charge density along the z
direction as in the previous study with the available analysis
program in the GROMACS 4.5.4 MD simulation package.>**°
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raft-like bilayer raft-like bilayer

Figure 3. Mechanical properties of a POPC bilayer, a POPC—CHOL
raftlike lipid bilayer, and a POPC—CHOL—SM raftlike lipid bilayer:
(a) area compressibility modulus and (b) bending modulus. The error
bars are the standard deviation calculated on the basis of the
statistically independent periods of MD simulation trajectories
obtained as described in Statistical Methods. Asterisks denote that
the difference is statistically significant on the basis of the mean and
standard deviation of the analyzed variable (Student’s ¢ test; p < 0.05).

Significantly different electrostatic potentials were observed at
the water—bilayer interface for a POPC bilayer, a POPC—
CHOL raftlike lipid bilayer, and a POPC—CHOL—SM raftlike
lipid bilayer (Figure S4 of the Supporting Information).

The POPC lipid has an unsaturated double bond in the
oleoyl chain, which results in a kink in the acyl chain,
preventing the POPC lipids from tightly packing to each
other.'” The disordered arrangement of POPC lipids makes
the POPC bilayer have a fluid property.'®' SM lipids that exist
in membrane rafts have two saturated acyl chains.*® The CHOL
molecule has a planar structure and thus can intercalate
between saturated acyl chains of the lipid.""*'% In this way,
CHOL holds the lipids tightly together, which could increase
lipid order and membrane rigidity (Figures 2 and 3). The
CHOL molecule can also change the physical properties of a
lipid bilayer by forming laterally segregated raftlike do-
mains.'®*'% The interactions of the acyl chain of the lipid
with CHOL result in a more extended conformation of
neighborin% hydrocarbon chains, which can increase membrane
thickness'®® as shown in Table 2. Both the raftlike POPC—
CHOL bilayer and the POPC—CHOL—SM bilayer are thicker
than the POPC bilayer (Table 2). In addition, experimental and
computational studies indicate that direct interactions between
the PC lipid headgroup and CHOL can cause rearrangement of
the lipid headgroup,'”'*® which could result in the different
electrostatic potentials at the water—bilayer interface for a

dx.doi.org/10.1021/bi500662v | Biochemistry 2014, 53, 6309—6322



Biochemistry

RMSF of CRT (nm)

P S Y S T S S
T

24 2 28 30
Residue number

CRT N-domain

—— TSP1-CRT in a POPC bilayer

CRT in a POPC bilayer

—— TSP1-CRT in a POPC-CHOL raft-like bilayer

P-domain partial vcfzviomajn (b)

CRT in a POPC-CHOL raft-like bilayer
TSP1-CRT in a POPC-CHOL-SM raft-like bilayer
CRT in a POPC-CHOL-SM raft-like bilayer

Unanal T T T

06/~ TSP1-binding site

04+

RMSF of CRT (nm)

alsal o | - |-

T

CRT P-domain

TSPlibrinding site

\»____..\—'

il [
020 40 60 SO 100 120 140 160 130 200 220 240 260 280 300 320
Residue number

CRT N- and partial C-domain

Figure 4. (a) Root-mean-square-fluctuation comparison of CRT (solid black line for CRT in the TSP1—CRT_POPC system, dotted black line for a
single CRT in the CRT_POPC system, solid red line for CRT in a TSP1-CRT_POPC—CHOL system, dotted red line for a single CRT in the
CRT_POPC—CHOL system, solid green line for CRT in the TSP1—CRT_POPC—CHOL—SM system, and dotted green line for a single CRT in
the CRT_POPC—CHOL—SM system). (b) Cartoon of CRT showing the CRT N-domain (residues 1—200) and a partial C-domain (residues 271—
327), the CRT P-domain (residues 201—270), and the TSP1-binding site in CRT.

POPC bilayer and raftlike lipid bilayers as observed in Figure
S4 of the Supporting Information.

The changes in the microscopic and mesoscopic properties
of raftlike lipid bilayers by CHOL and SM could affect
interactions of CRT with the bilayer and further affect CRT
conformation and TSP1—CRT interactions, thus influencing
CRT-mediated signaling in different bilayer environments.

CRT Conformational Changes Induced by Binding to
TSP1 and Changes of TSP1—CRT Interactions in Differ-
ent Bilayer Environments. Root-Mean-Square Fluctuation
(rmsf) of CRT Analyses. The conformational stability of CRT
could directly affect TSP1—CRT binding. We examined the
rmsf of CRT. The rmsf of the CRT-binding site for TSP1 was
determined from the rmsf of CRT to examine CRT
conformational flexibility caused by binding of CRT to TSP1
in different bilayer environments in detail (Figure 4). Results
showed that binding of TSP1 to CRT stabilized the TSP1-
binding site of CRT regardless of whether binding occurred in a
POPC bilayer, in a POPC—CHOL raftlike lipid bilayer, or in a
POPC—CHOL—SM raftlike lipid bilayer environment, which
was the same as observed in a solvent environment in our
previous study.*’ Figure 4 also shows that for the TSP1—CRT
complex, the raftlike lipid bilayer, either a POPC—CHOL
raftlike lipid bilayer (red solid line) or a POPC—CHOL—-SM
raftlike lipid bilayer (green solid line), stabilizes the CRT-
binding site for TSP1 to a greater extent than the TSP1—-CRT
complex in a POPC bilayer (black solid line). The stronger
stabilization of the conformation of the CRT-binding site for
TSP1 by raftlike lipid bilayers compared to that in a POPC
bilayer was also observed for CRT alone (dotted red line for a
POPC—CHOL raftlike lipid bilayer, green dotted line for a
POPC—CHOL—SM raftlike lipid bilayer, and black dotted line
for a POPC bilayer). The P-domain of CRT in the TSP1—CRT
complex was also stabilized by raftlike lipid bilayers as
compared to a POPC bilayer. The raftlike lipid bilayer with
SM lipids (a POPC—CHOL—-SM raftlike lipid bilayer)
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enhanced the CRT conformational stabilization as compared
to that of a POPC—CHOL raftlike lipid bilayer. The
conformational flexibility of the P-domain of a single CRT is
also affected by the different bilayer environment. These
changes in conformational stability of CRT could directly affect
TSP1—-CRT interactions and binding of CRT to LRP1.

Radius of Gyration of CRT and the Potential LRP1-Binding
Site in CRT. Radius of Gyration of CRT. The radius of gyration
(R,) of a protein could be used to evaluate the size and
compactness of a protein structure. A schematic representation
of the radius of gyration of a representative structure of CRT
alone and CRT in the TSP1—-CRT complex in a POPC—
CHOL raftlike lipid bilayer environment is shown in Figure Sa.
To evaluate the conformation of CRT and CRT in the TSP1—
CRT complex in different bilayer environments, the radius of
gyration of CRT were calculated over 300 ns MD simulation
trajectories (Figure S3c of the Supporting Information), and
the mean and deviation of the radius of gyration over the last
100 ns MD trajectories were calculated (Figure Sb). The
representative structures for CRT alone and the TSP1-CRT
complex shown in Figure Sa were obtained by clustering
analysis using MMTSB toolset.'® Protein Data Bank (PDB)
structures for a single CRT and the TSP1—CRT complex were
generated from the last 100 ns MD trajectories with a 100 ps
interval. A centroid structure was obtained by averaging the
PDB structures. Clustering analysis was performed using the K-
means algorithm''® based on the root-mean-square deviation
(rmsd) similarity of the structures. The structure that has the
lowest rmsd from the centroid structure was obtained as the
representative structure.

The R, results for CRT in the last 100 ns simulations showed
that in a POPC bilayer environment, binding of TSP1 to CRT
significantly decreased the radius of gyration of CRT as
compared to that of a single CRT (Figure Sb), suggesting a
tighter globular conformation of CRT in the TSP1-CRT
complex. In a raftlike lipid bilayer environment, either the
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Figure S. CRT conformation represented by the radius of gyration
(Rg) (a) Schematic representation of the radius of gyration and the
potential LRP1-binding site in CRT (the bilayer is not shown for the
sake of clarity; red for TSP1, blue for CRT in the TSP1-CRT
complex, green for a single CRT, and yellow for the potential LRP1-
binding site on CRT). (b) Radius of gyration comparison of CRT
alone with CRT in the TSP1—CRT complex on a POPC bilayer, a
POPC—CHOL raftlike lipid bilayer, and a POPC—CHOL-SM
raftlike lipid bilayer. The error bars are the standard deviations
calculated on the basis of the statistically independent periods of MD
simulation trajectories as described in Statistical Methods. Asterisks
denote that the difference is statistically significant on the basis of the
mean and standard deviation of the analyzed variable (Student’s ¢ test;
p < 0.05).

POPC—CHOL raftlike lipid bilayer or the POPC—CHOL-SM
raftlike lipid bilayer, binding of TSP1 to CRT significantly
increased the radius of gyration of CRT compared to that of a
single CRT (Figure Sb), suggesting a more “open” con-
formation of CRT in the TSP1—CRT complex. The overlay of
the representative structures of CRT alone and the CRT in the
TSP1—-CRT complex in a POPC bilayer (Figure S6a of the
Supporting Information), a POPC—CHOL raftlike lipid bilayer
(Figure S6b of the Supporting Information), and a POPC—
CHOL—SM raftlike lipid bilayer (Figure S6c of the Supporting
Information) explicitly showed a conformation of CRT in the
TSP1—-CRT complex more open than that of CRT alone in
both the POPC—CHOL and POPC—CHOL—SM raftlike lipid
bilayers (Figure S6 of the Supporting Information). The raftlike
lipid bilayer with SM lipids (POPC—CHOL—SM raftlike lipid
bilayer) supported an enhanced open CRT conformation upon
TSP1 binding as compared to that of the TSP1—CRT complex
in a POPC—CHOL raftlike lipid bilayer (Figure Sb and Figure
S6 of the Supporting Information).
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Potential LRP1-Binding Site in CRT. TSP1 interacts with the
cell surface CRT to promote binding of CRT to LRP1 to form
the TSP1—CRT—LRP1 ternary complex, which is critical for
signaling intermediate adhesion, cell migration, and anoikis
resistance.'”"* The binding site in TSP1-bound CRT for
LRP1 remains unknown. The complex structure of LRP1
increases the level of difficulty of biochemically identifying the
binding site in CRT for LRP1 by trial and error. The combined
quantitative conformational analyses of CRT before and after
binding to TSP1 from MD simulation with hydropathy analyses
for CRT and the ligand binding-type repeat of LRP1'"" provide
an alternative approach to complementing biochemical experi-
ments. On the basis of the conformational comparison of CRT
alone and CRT in the TSP1—CRT complex in a POPC—
CHOL raftlike lipid bilayer environment shown as Figure Sa,
and hydropathy analyses and the restriction that the binding
region for LRP1 does not overlap the TSP1-binding site in
CRT (consistent with the observation that LRP1 does not
affect the TSP1—CRT interaction), we proposed that amino
acids 96—150 colored yellow in Figure Sa in the CRT N-
domain may represent the potential binding site in CRT for
LRP1.

The more open conformation of the CRT N-domain
(residues 1—200) and the partial C-domain (residues 271—
327) relative to the P-domain (residues 201—270) induced by
TSP1 binding might expose these residues to permit CRT—
LRP1 bindin§ and signaling through the TSP1-CRT—-LRP1
complex.'*™

Distance Matrix of CRT Analyses. The distance matrix was
calculated for the average distance between the residues in CRT
and between the residues of CRT in the TSP1—CRT complex
on a POPC bilayer (Figure 6a), on a POPC—CHOL raftlike
lipid bilayer (Figure 6b), and on a POPC—CHOL—SM raftlike
lipid bilayer (Figure 6¢) over the last 100 ns of MD simulations.
The top right half of each figure in Figure 6 shows the distance
matrix for CRT in the TSP1—CRT complex, and the bottom
left half shows the distance matrix for CRT alone. Results
showed that in a POPC bilayer environment, the distance
between the partial CRT P-domain (amino acids 201—270)
and the CRT N-domain (amino acids 1—200) for a single CRT
is larger than that of CRT in the TSP1—CRT complex (Figure
6a), which was supported by the results for the radius of
gyration of CRT shown in Figure S. This suggested that in a
POPC bilayer environment, binding of TSP1 to CRT resulted
in a “closed” conformation between the tail-like P-domain of
CRT and the globular CRT N-domain. The closed
conformation between the CRT N-domain and P-domain
could hide residues important for the recruitment of LRP1 to
CRT as the predicted potential LRP1-binding site in CRT
(yellow region in Figure Sa) to form the TSP1—CRT—LRP1
ternary complex that si%nals focal adhesion disassembly and
resistance to anoikis.'”'>"'> Results also showed that in a raftlike
lipid bilayer environment, either the POPC—CHOL bilayer or
the POPC—CHOL—SM bilayer, binding of TSP1 to CRT
significantly increased the distance between the partial CRT P-
domain (amino acids 201—270) and the CRT N-domain
(amino acids 1—200), with the POPC—CHOL—SM raftlike
lipid bilayer resulting in a greater distance, as shown by the
increased degree of the red patch in panels b and ¢ of Figure 6.
These observations were supported by results from the radius
of gyration of CRT showing that in raftlike lipid bilayer
environments, binding of TSP1 to CRT significantly increased
the radius of gyration of CRT, which was further enhanced by
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Figure 6. Distance matrix map for the comparison of distances of the residues in CRT alone (bottom left) with CRT in the TSP1—CRT complex
(top right) (distances in nanometers) (a) on a POPC bilayer, (b) on a POPC—CHOL raftlike lipid bilayer , and (c) on a POPC—CHOL—SM
raftlike lipid bilayer. The black boxes represent distances between the partial CRT P-domain (amino acids 201—270) and the CRT N-domain
(amino acids 1—-200) (red for longer distances between residues and blue for shorter distances between residues).

the raftlike lipid bilayer with SM lipids (Figure Sb). These
results suggest that binding of TSP1 to CRT results in a
configuration between the CRT N- and P-domains more open
than that of CRT alone in a raftlike lipid bilayer environment.
The more open conformation of the CRT N-domain relative to
that of the P-domain induced by TSP1 binding might expose
additional residues important for recruitment of LRP1 to CRT
(yellow region in Figure Sa) to form a ternary signaling
complex.

Analyses of Hydrogen Bonds between the TSP1-Binding
Site in CRT and the CRT-Binding Site in TSP1. We analyzed
the number of hydrogen bonds formed between the TSP1-
binding site in CRT and the CRT-binding site in TSP1 on a
POPC bilayer, on a POPC—CHOL raftlike lipid bilayer, and on
a POPC—CHOL-SM raftlike lipid bilayer (Figure 7). A
hydrogen bond was determined when the distance between the
hydrogen and acceptor was <3.5 A and the hydrogen—donor—
acceptor angle was >150°. The number of hydrogen bonds
between the TSP1-binding site in CRT and the CRT-binding
site in TSP1 was calculated by summing all the hydrogen bonds
within the regions and was averaged over the production
simulations. The results showed that more hydrogen bonds
formed between the TSP1-binding site in CRT and the CRT-
binding site in TSP1 in raftlike lipid bilayers than in a POPC
bilayer (Figure 7).

The results from the root-mean-square fluctuation of CRT
(Figure 4), the radius of gyration of CRT (Figure S), and the
distance matrix of CRT (Figure 6) showed that raftlike lipid
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bilayers stabilize the CRT conformation, binding of TSP1 to
CRT results in a conformation for the CRT N-domain more
open than that for the CRT P-domain in a raftlike lipid bilayer
environment, and the effects of the raftlike lipid bilayer
environment were potentiated by SM lipids. The conforma-
tional changes of CRT by binding to TSP1 in different bilayer
environments could directly affect TSP1—CRT interactions as
observed in the hydrogen bond analyses between the TSP1-
binding site in CRT and the CRT-binding site in TSP1 (Figure
7), which shows that more hydrogen bonds formed between
the TSP1-binding site in CRT and the CRT-binding site in
TSP1 in raftlike lipid bilayers than in a POPC bilayer. These
observations provide structural and molecular insights into the
role of the bilayer environments in TSP1—CRT interactions
and the induced CRT conformational changes, which are
proposed to affect binding of CRT to LRP1 and signaling.'®~*®

Interactions between CRT and a Lipid Bilayer or
Raftlike Lipid Bilayer. We examined the interactions between
CRT and a POPC lipid bilayer or a raftlike lipid bilayer to
improve our understanding of the effect of different bilayer
environments on TSP1—CRT interactions and on the
conformational changes of CRT bound to TSP1. We also
examined the effect of protein on the coordination and/or
aggregation among the POPC lipid, CHOL molecule, and SM
lipid in the raftlike lipid bilayers.

Analyses of the Interactions of CRT with a Lipid Bilayer or
Raftlike Lipid Bilayer. Figure 8 illustrates the mass density of
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Figure 8. Comparison of the mass density of CRT as a function of
distance along the bilayer normal (z axis) on a POPC bilayer, on a
POPC—CHOL raftlike lipid bilayer, and on a POPC—CHOL—-SM
raftlike lipid bilayer. The dotted lines are the mass density peaks of the
phosphorus atoms of POPC lipids, indicating the surfaces of the
bilayer.

CRT or CRT in the TSP1—CRT complex as a function of
distance along the bilayer normal (z axis) in different bilayer
environments, showing the position of CRT relative to the
bilayer. The dotted lines in Figure 8 are the mass density peaks
of the phosphorus (P) atom of POPC lipids, indicating the
surfaces of the bilayer. Results showed that in a POPC bilayer
environment, for CRT alone, the CRT N-domain, partial C-
domain, and P-domain were mainly located at a position similar
to those of the P atoms of POPC lipids (water—bilayer
interface), and for CRT in the TSP1—CRT complex, only the
CRT N-domain and the partial C-domain were mainly
positioned at the water—bilayer interface and the CRT P-
domain was oriented away from the bilayer surface. In a raftlike
lipid bilayer environment, either the POPC—CHOL raftlike
lipid bilayer or the POPC—CHOL—SM raftlike lipid bilayer,
the N-domain and partial C-domain and P-domain of CRT in
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the TSP1—CRT complex were located at a position similar to
that of the P atom of POPC lipid (water—bilayer surface). For
CRT alone in a raftlike lipid bilayer environment, although the
N-domain and partial C-domain of CRT were mainly
positioned above the P atom of POPC lipid (water—bilayer
interface), the P-domain of CRT was oriented away from the
bilayer surface. The results showed that the N-domain and
partial C-domain and P-domain of CRT in the TSP1-CRT
complex on a membrane raft directly interacted with lipid
headgroups in contrast to CRT in the TSP1—CRT complex on
a POPC bilayer in which only the CRT N-domain and partial
C-domain directly interacted with lipid headgroups. The results
indicated that the direct interactions of both the N-domain and
the partial C-domain and P-domain of CRT, particularly the P-
domain of CRT with lipid headgroups, could contribute to the
more open conformation of CRT in the TSP1—CRT complex
on a raftlike lipid bilayer compared to that on a POPC bilayer
as observed in Figures S and 6 and Figure S$ of the Supporting
Information.

To further examine the interactions of the N-domain and
partial C-domain and P-domain of CRT in the TSP1-CRT
complex with a lipid bilayer, radial distribution functions
(RDFs) of the N-domain and partial C-domain and P-domain
of CRT in the TSP1-CRT complex with the phosphorus
atoms of the POPC lipid headgroup, the cholesterol hydroxyl
oxygens, and the phosphorus atoms of the SM lipid headgroup
on a POPC bilayer, on a POPC—CHOL raftlike lipid bilayer,
and on a POPC—CHOL-SM raftlike lipid bilayer were
calculated and are shown in panels a and b of Figure 9. The
RDF results show that in a POPC bilayer, the CRT N-domain
and partial C-domain strongly coordinate with the POPC
lipids, but the CRT P-domain does not have coordination with
the POPC lipids. In a POPC—CHOL raftlike bilayer, both the
CRT N-domain and the partial C-domain and P-domain
strongly coordinate with the POPC lipids and weakly
coordinated with CHOL, but the coordination of the POPC
lipid and CHOL with the CRT P-domain is stronger than that
of the CRT N-domain and the partial C-domain. In a POPC—
CHOL—SM raftlike bilayer, the coordination of the POPC lipid
with the CRT P-domain is much stronger than that with the
CRT N-domain and partial C-domain, although both the CRT
N-domain and the partial C-domain and P-domain strongly
coordinate with the SM lipids and weakly coordinated with
CHOL, and the coordination of the SM lipid and CHOL with
the CRT P-domain is stronger than that with the CRT N-
domain and the partial C-domain (Figure 9a,b). The snapshots
from the MD trajectories depicting the coordination of the N-
domain and the partial C-domain and P-domain of CRT in the
TSP1—CRT complex with the POPC lipids in a POPC bilayer
(Figure 9¢c), with POPC lipids and CHOL molecules in a
POPC—CHOL raftlike lipid bilayer (Figure 9d), and with
POPC lipids, CHOL molecules, and SM lipids in a POPC—
CHOL—-SM raftlike lipid bilayer (Figure 9e) are shown in
Figure 9. The lipids and CHOL molecules whose atoms are
within 3.5 A of CRT are shown together with CRT in Figure
9c—e. The residues in the N-domain and the partial C-domain
and P-domain of CRT in the TSP1—CRT complex that
interacted with the bilayer are listed in Table SI of the
Supporting Information. These results showed that the
coordination of the CRT N-domain and the partial C-domain
and P-domain with the bilayer, particularly the coordination of
the CRT P-domain, plays an important role for the more open
conformation of CRT in the TSP1—-CRT complex on a raftlike
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Figure 9. Comparison of the coordination of the N-domain and partial C- and P-domains of CRT in the TSP1—CRT complex with the POPC lipids,
CHOL molecules, and SM lipids on a POPC bilayer, on a POPC—CHOL raftlike lipid bilayer, and on a POPC—CHOL—SM raftlike lipid bilayer.
(a) Radial distribution functions (RDFs) with respect to the CRT N-domain and the partial C-domain for the phosphorus atoms of the POPC lipid
headgroup (1), the cholesterol hydroxyl oxygens (2), and the phosphorus atoms of the SM lipid headgroup (3). (b) RDFs with respect to the CRT
P-domain for the phosphorus atoms of the POPC lipid headgroup (1), the cholesterol hydroxyl oxygens (2), and the phosphorus atoms of the SM
lipid headgroup (3). (c—e) Snapshots of the MD trajectory showing the coordination of the N-domain and partial C- and P-domains of CRT in the
TSP1—CRT complex with POPC lipids in a POPC bilayer, with POPC lipids and CHOL molecules in a POPC—CHOL raftlike lipid bilayer, and
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whose atoms are within 3.5 A of CRT are shown with CRT in panels c—e. TSP1 is colored red and CRT blue; POPC lipids are colored gray, CHOL
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lipid bilayer compared to that on a POPC bilayer as shown in
Figures S and 6 and Figure SS of the Supporting Information.

Analyses of the Effect of Cell Surface Protein CRT on Lipid
or CHOL Molecule Coordination and Aggregation in a
Raftlike Lipid Bilayer. The interactions of CRT or the TSP1—
CRT complex with the lipid bilayer in different bilayer
environments could also affect the coordination and/or
aggregation of POPC lipids, CHOL molecules, and SM lipids
to influence the raftlike bilayer structure that could in turn
influence the CRT—bilayer interactions, CRT conformational
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changes, and TSP1—CRT interactions. We compared the RDFs
among the POPC lipids, CHOL molecules, and SM lipids in a
POPC—CHOL raftlike bilayer and a POPC—CHOL-SM
raftlike bilayer with the CRT effect, with the TSP1-CRT
complex effect, and without the protein’s effect (Figure S6 of
the Supporting Information). Results showed that for a
POPC—CHOL raftlike lipid bilayer, with the CRT or the
TSP1—CRT complex effects, cholesterol hydroxyl oxygens with
cholesterol hydroxyl oxygens [Figure S6a (1) of the Supporting
Information], cholesterol hydroxyl oxygens with the phospho-
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rus atoms of the POPC lipid headgroup [Figure S6a (2) of the
Supporting Information], and the phosphorus atoms of the
POPC lipid headgroup with the phosphorus atoms of the
POPC lipid headgroup [Figure S6a (3) of the Supporting
Information] were more coordinated compared to those
without a protein effect on the bilayer. For a POPC—
CHOL-SM raftlike lipid bilayer, with the CRT or the
TSP1—CRT complex effects, hydroxyl oxygens with cholesterol
hydroxyl oxygens [Figure S6b (1) of the Supporting
Information], cholesterol hydroxyl oxygens with the phospho-
rus atoms of the SM lipid headgroup [Figure S6b (2) of the
Supporting Information], cholesterol hydroxyl oxygens with the
phosphorus atoms of the POPC lipid headgroup [Figure S6b
(3) of the Supporting Information], phosphorus atoms of the
SM lipid headgroup with the phosphorus atoms of the SM lipid
headgroup [Figure S6b (4) of the Supporting Information],
phosphorus atoms of the SM lipid headgroup with the
phosphorus atoms of the POPC lipid headgroup [Figure S6b
(S) of the Supporting Information], and phosphorus atoms of
the POPC lipid headgroup with the phosphorus atoms of the
POPC lipid headgroup [Figure S6b (6) of the Supporting
Information] were more coordinated than those without a
protein effect on the bilayer. These results indicated that the
interaction of the CRT or the TSP1—-CRT complex with the
bilayer could cause the CHOL molecules and/or SM lipids to
be more coordinated and to potentially aggregate into patchlike
regions in the raftlike lipid bilayers.

B CONCLUSION

We investigated the interactions of cell surface CRT, either
alone or in a complex with TSP1, with a POPC bilayer, a
POPC—CHOL raftlike lipid bilayer, and a POPC—CHOL—-SM
raftlike lipid bilayer via atomically detailed molecular dynamics
simulations. Results showed that the microscopic structural
properties of the lipid molecules and mesoscopic mechanical
properties and electrostatic potential of the bilayer were
significantly different between a POPC bilayer and a raftlike
lipid bilayer and the difference was enhanced by SM lipids in a
raftlike lipid bilayer. These differences in bilayer properties
affect interactions of CRT with the bilayer, further affecting
CRT conformation and TSP1—CRT interactions. A raftlike
lipid bilayer environment stabilized CRT conformation and
affected TSP1—CRT interactions compared to a POPC bilayer
environment. Binding of TSP1 to CRT resulted in a more open
conformation for the CRT N-domain with respect to the CRT
P-domain in a raftlike lipid bilayer environment, which could
facilitate binding of CRT to LRP1 to engage downstream
signaling. The more open conformational changes of CRT by
binding to TSP1 in a raftlike lipid bilayer environment were
enhanced by SM lipids in a raftlike lipid bilayer. The direct
interactions of the N-domain and partial C- and P-domains of
CRT, particularly the P-domain of CRT, with the bilayer could
contribute to the more open conformation of CRT in the
TSP1—CRT complex on a raftlike lipid bilayer compared to
that on a POPC bilayer. The interactions of CRT or the
TSP1—-CRT complex with the lipid bilayer also caused the
CHOL molecules and/or lipids to be more coordinated to
potentially aggregate into patchlike regions in the raftlike lipid
bilayers. The coordination and aggregation of the lipid and
CHOL molecule could in turn affect the interactions of CRT
with the membrane raft, thereby altering TSP1—CRT
interactions and CRT conformational changes that potentially
regulate its interactions with LRP1. Results from this study
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provide molecular insights for the role of lipid bilayer
environments on TSP1—CRT interactions and on the CRT
conformational changes that potentially facilitate the bindin% of
CRT to LRP1 to engage downstream signaling events.'*”"
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List of residues in N- and P-domains of CRT in the interaction
of the TSP1—CRT complex with the bilayer (Table S1),
TSP1—CRT complex obtained from a previous study* (Figure
S1), the simulation system for the TSP1—CRT complex on a
POPC—CHOL raftlike lipid bilayer (Figure S2), equilibration
of the simulated systems (Figure S3), the electrostatic potential
of a POPC bilayer, a POPC—CHOL raftlike lipid bilayer, and a
POPC—CHOL—-SM raftlike lipid bilayer (Figure S4), a
conformational comparison between the representative struc-
tures of TSP1-bound CRT and CRT alone on a POPC bilayer,
on a POPC—CHOL raftlike lipid bilayer, and on a POPC—
CHOL—SM raftlike lipid bilayer (Figure SS), and a comparison
of the coordination among the POPC lipids, CHOL molecules,
and SM lipids in a POPC—CHOL raftlike bilayer and a
POPC—CHOL—-SM raftlike lipid bilayer with a CRT effect,
with a TSP1—CRT complex effect, and without the protein’s
effect (Figure S6). This material is available free of charge via
the Internet at http://pubs.acs.org.
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