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Abstract Steroidogenic acute regulatory protein-related
lipid transfer (StART) domains are ubiquitously involved
in intracellular lipid transport and metabolism and other
cell-signaling events. In this work, we use a flexible docking
algorithm, comparative modeling, and molecular dynamics
(MD) simulations to generate plausible three-dimensional
atomic models of the StART domains of human metastatic
lymph node 64 (MLN64) and steroidogenic acute regulatory
protein (StAR) proteins in complex with cholesterol. Our
results show that cholesterol can adopt a similar conforma-
tion in the binding cavity in both cases and that the main
contribution to the protein-ligand interaction energy derives
from hydrophobic contacts. However, hydrogen-bonding
and water-mediated interactions appear to be important in
the fine-tuning of the binding affinity and the position of
the ligand. To gain insights into the mechanism of binding,
we carried out steered MD simulations in which cholesterol
was gradually extracted from within the StAR model. These
simulations indicate that a transient opening of loop 61 may
be sufficient for uptake and release, and they also reveal
a pathway of intermediate states involving residues known to
be crucial for StAR activity. Based on these observations,
we suggest specific mutagenesis targets for binding stud-
ies of cholesterol and its derivatives that could improve our
understanding of the structural determinants for ligand
binding by sterol carrier proteins.—Murcia, M., J. D. Faráldo-
Gómez, F. R. Maxfield, and B. Roux. Modeling the structure
of the StART domains of MLN64 and StAR proteins in
complex with cholesterol. J. Lipid Res. 2006. 47: 2614–2630.
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Steroid hormones play a critical role in a wide range
of biological processes in mammals, such as sexual de-
velopment and reproduction, neurogenesis and synaptic
plasticity, and homeostasis and tumor growth (1, 2). In all

cases, hormone biosynthesis begins with the conversion of
cholesterol to pregnenolone on the matrix side of the
inner mitochondrial membrane. The steroidogenic acute
regulatory protein (StAR) facilitates both the mobilization
of cholesterol from multiple sources to the outer mito-
chondrial membrane and its subsequent translocation to
the inner mitochondrial membrane (3, 4). StAR-mediated
delivery of cholesterol is in fact the rate-limiting step of
steroidogenesis and thus is strongly regulated (5, 6). Be-
cause other types of cholesterol transporters, such as the
sterol carrier protein-2, cannot replace StAR (7), a num-
ber of developmental and reproductive abnormalities in
humans are related to the misregulation of StAR expression
and/or to a nonfunctioning StAR gene (8). For instance,
more than 34 different congenital mutations are known
to produce nonfunctional StAR proteins (9–11), which lead
to a potentially lethal autosomal recessive disease known
as congenital lipoid adrenal hyperplasia (12–14).

StAR is a 285 amino acid protein with two major
domains (5, 15): first, an N-terminal targeting sequence
nonessential to its activity that is cleaved upon entry into
the mitochondria (16–18); second, a 30 kDa C-terminal
domain (200–210 residues), known as the steroidogenic
acute regulatory protein-related lipid transfer (StART) do-
main (19), which is the domain that binds cholesterol
(7, 20). The StART domain of the StAR protein (referred
to hereafter as StAR-StART) is also the prototype of a
larger, only partially characterized family of lipid binding
domains found in other eukaryotic proteins, which are
essential in a variety of important processes such as lipid
transport and metabolism and cell signaling (3). Various
StART domain proteins may play a more widespread role
as cholesterol carriers in the nonvesicular transport of
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cholesterol between cellular organelles through the cyto-
plasm (21). Putative StART domain proteins have also
been described in bacteria and unicellular protists (22).
StART domains are distinct from other known lipid-
transfer proteins and are believed to be highly specific for
their ligands, which include cholesterol, phosphatidylcho-
line (PC), carotenoid, and ceramide (23, 24), although a
common ligand binding mechanism is thought to be
characteristic of the entire StART superfamily (25).

Fifteen StART domain proteins have been identified to
date in humans (3, 23). Among these, the closest homolog to
that in StAR is the C-terminal domain of a two-domain pro-
tein known as metastatic lymph node 64 (MLN64), which
also binds cholesterol (20) and which is overexpressed in
certain breast cancers. MLN64 is a 445-residue protein
anchored to the late endosome membrane through its N-
terminal domain (26). Its function is thought to be the
export of cholesterol through its cytosolic StART domain,
which resembles somewhat the mitochondrial action of
StAR (27, 28). The StART domain of MLN64 (MLN64-
StART) is able to stimulate steroidogenesis in human pla-
centas, which generally lack StAR (29). In addition, several
specificity-related residue patterns as well as many of the
pathological mutationsofhuman StAR-StART arealso found
in MLN64-StART, but not in other members of the family.

Although the atomic structure of the StAR-StART domain
remains unknown, those of three related StART domains
have been determined by X-ray crystallography, namely
human MLN64 (20), mouse StarD4 (30), and human phos-
phatidylcholine transfer protein (PCTP) (31). Of these,
only PCTP has been resolved with its ligand bound inside
the cavity. More recently, the structures of bacterial mem-
bers of the StART superfamily of unknown specificity have
also been solved in the apo state by means of NMR spec-
troscopy (32) or crystallography (33). Finally, ligand-free
and -bound structures of the phosphatidylinositol transfer
protein a (PITPa), whose architecture and function are
comparable to those of StART, are also known. All of these
binding domains share a common “helix-grip” fold, with
a characteristic hydrophobic cavity, formed by b-strands,
where the ligand binds. Access into this cavity is occluded by
the domain’s C-terminal a-helix and by adjacent loops.
Conformational changes in these, presumably upon the
domain’s association with a membrane, are believed to en-
able ligand uptake or release (23). Consistently, several
disease-related mutations or truncations in human StAR
appear to correspond to residues lining the interior of the
hydrophobic cavity, or in the C-terminal a-helix, when
mapped onto the MLN64-StART structure (13, 18, 34).

The potential role of StART domains as drug targets has
prompted an increasing interest in their function, espe-
cially in the case of the prototypical StAR protein. None-
theless, a detailed structural understanding of their
binding properties is still lacking, in part because of in-
herent experimental difficulties associated with these sys-
tems. In this work, we use computational methods to
gain insights into the association of two StART domains
with their cholesterol ligand. Specifically, we use docking
and homology modeling algorithms, as well as molecular

dynamics (MD) simulations, to generate plausible three-
dimensional atomic models of both MLN64-StART and
StAR-StART domains in complex with cholesterol.
Through these and additional simulations, in which cho-
lesterol is gradually extracted from the binding site within
these domains, we hope to provide specific clues for fu-
ture analyses of the mechanism of uptake and release as
well as for the interpretation or design of experimental
work focusing on other cholesterol derivatives in the
more general context of sterol carrier proteins.

METHODS

Overview

The computational protocol presented here can be divided
into three parts. First, an exhaustive docking study of cholesterol
binding in the cavity of MLN64-StART was carried out to identify
and classify the possible binding modes that cholesterol may
adopt in the MLN64 cavity. MD simulations were subsequently
used to more thoroughly sample conformations of the protein-
ligand complex in each binding mode as well as to derive a more
reliable ranking of the binding energies. Second, having deter-
mined the most favored binding mode for MLN64-StART, a
homology model of the StAR-StART domain in complex with
cholesterol was built using the MLN64 complex as a template and
further analyzed through MD simulations. Finally, steered MD
simulations were carried out to gain insights into the process of
uptake and release of cholesterol.

All MD simulations were performed using version c31a0 of the
CHARMM biomolecular simulation software (35) alongside the
CHARMM22/CMAP all-atom protein force field (36). The cho-
lesterol parameters correspond to the CHARMM27 force field
released with version c32a1 of CHARMM (37). An implicit model
of the solvent was used in all simulations, as implemented in the
GBSW module of CHARMM (38). Atomic radii were those de-
rived by Nina, Im, and Roux (39), and no cutoff was used for the
nonbonded interactions or the GBSW terms. The dielectric con-
stants of the protein and solvent were ep 5 1 and es 5 80,
respectively. The nonpolar surface tension coefficient g was set to
0.025 kcal/mol/Å2. All simulations included a Langevin heat
bath at 300 K, unless stated otherwise. Bond lengths involving
hydrogen atoms were constrained using SHAKE (40).

Docking cholesterol into the cavity of MLN64-StART

The atomic coordinates of MLN64-StART were obtained from
the 2.2 Å-resolution crystal structure (1em2) (20), as deposited in
the Protein Data Bank (41–43). Although this structure includes
a methionine substitution at position phenylalanine 388, bio-
chemical analyses have demonstrated that this mutant form is
competent for binding cholesterol (20). Hydrogen atoms were
added using HBUILD within the CHARMM package, and their
positions were refined by energy minimization. Initial atomic
coordinates for cholesterol were obtained from the crystal struc-
ture of the binding domain of the retinoic acid receptor related-
orphan nuclear hormone receptor a (RORa) (1n83; 1.63 Å
resolution) (44).

The automated docking protocol Flexcdock (45) was used for
the initial screening of the binding poses of cholesterol into the
MLN64-StART cavity. This algorithm carries out an exhaustive
translational and rotational search of the ligand within the
binding site while considering the protein to be rigid. To account
for the flexibility of the ligand, the protocol takes into account its

Structural models of cholesterol-StART domain complexes 2615
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torsional degrees of freedom, which are discretized into coarse
rotameric states; in this case, a library of 69 rotamers was
generated. To partially account for the protein flexibility, an
ensemble of 100 protein conformations of MLN64-StART was
generated by means of a 1 ns MD simulation at 500 K, in which
the protein’s backbone remained harmonically restrained. After
energy minimization, the ensemble-averaged root mean square
deviation (RMSD) relative to the crystallographic structure was
0.192 6 0.002 Å for the nonhydrogen atoms in the backbone and
1.6 6 0.1 Å for those in the side chains. The cholesterol romater
library mentioned above was docked on each of the protein
conformations and the resulting complexes scored as described
elsewhere (45). The 20 best-scored solutions for each protein
conformation were selected for further analysis, giving a total of
2,000 poses.

Clustering analysis of the cholesterol binding modes
obtained after docking

To analyze the ensemble of solutions and extract representa-
tive configurations, we considered two clustering order param-
eters. First, we used the pseudo-dihedral angle defined by the a

carbons of arginine 351 (Arg351) and glutamine 421 (Gln421) in
MLN64-StART, and two carbon atoms in the cholesterol ring (C3
and C17), which roughly describes the orientation of the long
axis of the ligand relative to the hydrophobic cavity. Second, we
carried out an average-linkage hierarchical clustering based on
the pair-wise RMSD of the ring moiety of cholesterol, using
CLUSBAS (46), to further characterize the position and orien-
tation of the ligand in the binding site.

MD simulations of the MLN64-cholesterol complexes

The best-scored pose of each of the four selected clusters was
energy-minimized and further analyzed by means of multiple MD
simulations. Specifically, we carried out 10 independent simu-
lations of 1.5 ns for each configuration of the MLN64-StART
complex, over which results are averaged. In terms of the po-
tential energy and the RMSD values of the structure of the
protein-cholesterol complex, all simulations appeared to be
equilibrated within 1 ns. The analysis reported below corre-
sponds to the last 500 ps fragment of each trajectory.

Scoring of the cholesterol binding modes

To identify the most favorable binding mode, an ensemble of
1,000 configurations of the protein-ligand complex was extracted
from the last 500 ps fragment of each simulation, and the
corresponding binding free energy, DGb, was estimated accord-
ing to the expression DGb 5 , DUinter . 1 DGs

(complex) 2

DGs
(protein) 2 DGs

(ligand), where , DUinter . is the average inter-
action energy between the ligand and the protein (DUinter 5

DUVDW 1 DUelec) and DGs
(complex), DGs

(protein), and DGs
(ligand)

are the solvation free energies of the complex, protein, and
ligand, respectively (all bonded terms cancel out under this ap-
proximation). The solvation free energies can in turn be sepa-
rated into a nonpolar contribution, DGs,np, and an electrostatic
contribution, DGs,elec (47), both of which are included within
the generalized-Born formalism used here. The values of DGb

reported below correspond to averages over the 10 independent
simulations that were carried out for each of the hypothetical
binding poses of cholesterol.

Comparative modeling of the StAR-StART domain in
complex with cholesterol

A homology model of the three-dimensional structure of
human StAR-StART in complex with cholesterol was built with

CHARMM using the MLN64-StART crystal structure as a tem-
plate, based on a pair-wise sequence alignment produced with
ClustalW (48)(see supplementary Figure I). The identity of both
sequences is 36%, with no insertions or deletions. The coor-
dinates of all backbone atoms as well as those of conserved or
structurally similar side chains [e.g., aspartate (Asp) and as-
paragine (Asn)] were preserved from the template. Otherwise,
new coordinates were assigned using SCWRL 3.0 (49) and
subsequently energy-minimized using a distance-dependent
dielectric constant, e 5 r (Å). A cholesterol molecule in the
preferred binding mode in MLN64-StART was included while
building the model. (Direct docking of cholesterol into a model
of StAR built without the ligand, and following the same pro-
cedure as for the crystal structure of MLN64-StART, failed to find
any poses inside the cavity.) The three-dimensional model of the
atomic structure of StAR-StART in complex with cholesterol was
finally analyzed through MD simulations as described previously
for MLN64-StART.

Simulation of cholesterol release by steered MD

Starting from the last configuration of two of the simulations
of the StAR-StART complex (chosen at random), the release of
cholesterol was modeled by MD simulations in which the ligand
was gradually extracted from the binding cavity without any
directional bias. Specifically, a harmonic potential was applied to
the distance between the center of mass of cholesterol and that of
the backbone atoms of residues leucine 199 (Leu199) and ala-
nine 200 (Ala200) at the end of the cavity, and the corresponding
equilibrium distance was shifted at a rate of 0.01 Å ps21 and
0.02 Å ps21. The range of distances explored was 12–40 Å, and
two different force constants for the harmonic potential were
used in independent simulations: 2 kBT Å22 and 8 kBT Å22.
Analogous simulations were carried out for the MLN64-StART
complex, at a rate of 0.01 Å ps21 and identical force constants.

RESULTS AND DISCUSSION

MLN64-StART in complex with cholesterol

Docking and identification of possible cholesterol binding
modes. Of the 2,000 best-scored solutions obtained from
the docking protocol, a total of 1,357 were found inside
the MLN64-StART cavity. The remaining poses, corre-
sponding to configurations in which the ligand docked
elsewhere on the protein’s surface, were discarded. Two
main families of poses were identified after initial clus-
tering of the successful solutions: those in which the cho-
lesterol hydroxyl group points toward the bottom of the
cavity, termed hereafter IN (1,030 solutions), and those
with a reverse orientation, or OUT (327 solutions). A rep-
resentation of MLN64-StART with cholesterol bound in
an IN configuration is depicted in Fig. 1.

Further clustering according to the orientation and
position of the cholesterol ring resulted in six subfamilies
for both the IN and OUT configurations, all of which are
shown in Fig. 2A. Analysis of the populations of these
subfamilies shows that the scoring function used by the
docking algorithm favors poses in two specific orientations
of the methyl groups in the cholesterol ring, which are
opposite to each other; these will be referred to as
IN-1 (868 solutions; cluster 1) and OUT-1 (52 solutions;
cluster 5) and IN-2 (94 solutions; cluster 3) and OUT-2

2616 Journal of Lipid Research Volume 47, 2006
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(195 solutions; cluster 1). Examination of representative
poses of the remaining clusters did not reveal significantly
different features in the binding mode (Fig. 2A); given
their lower populations, we chose to continue our study
with the four configurations described above, which are
depicted in Fig. 3.

A summary of the scoring results for the selected four
clusters is given in Fig. 2B. It is worth noting that the scores
are dominated by the van der Waals component of the
protein-ligand interaction energy and that this contribu-
tion is unfavorable on average as a result of steric clashes
that result from the docking procedure. This is consistent
with the nonpolar nature of the binding cavity and with
the fact that the crystal structure of MLN64 corresponds to
the ligand-free state. Nonetheless, many of the poses in
cluster 1 IN yield a negative value for the interaction
energy between the protein and the ligand, in accordance
with the rather selective preference of the docking al-
gorithm for this particular binding mode. Given the in-
herent limitations of the configurational sampling of the
protein-ligand complex during the docking procedure, as
well as the simplicity of the scoring function, this initial
stage serves to screen the possible modes of binding of
cholesterol to MLN64-StART. No attempt at further dis-
crimination is made at this point.

MD simulations of the four hypothetical binding modes. The
four hypothetical binding modes mentioned above were
subsequently analyzed through multiple MD simulations
(see Methods), up to a total sampling time of 15 ns per
mode. The first conclusion from these calculations is that
the different binding modes of cholesterol do not result in
significantly different deviations in the overall architecture
of MLN64-StART relative to the crystal structure. Specif-
ically, the average RMSD of the protein’s backbone is 0.7–
0.8 Å for the b-strand segments, 1.1–1.0 Å for the helical
regions, and 1.2–1.3 Å overall, whereas the RMSD for all

of the nonhydrogen atoms is in the 1.7–1.9 Å range
(Table 1). Analysis of the per-residue contributions to the
backbone RMSD values (see supplementary Fig. II) reveals
that the most notable changes occur in the loops at the
entrance of the hydrophobic cavity, namely those between
strands b5 and b6 (loop V1, residues 335–344) and be-
tween strands b2 and b3 (residues 277–279), as well as in
the region around the N-terminal end of the C-terminal
a-helix (residues 410–425). With regard to the side chains,
only Arg351 in the interior of the protein displays notice-
able changes with respect to the crystallographic struc-
ture (z2 Å).

Although only subtle differences are observed in the
protein structure during the simulations, the dynamics of
cholesterol in the alternative binding modes are strikingly
dissimilar (Table 2). In particular, the binding modes least
favored by the Flexcdock scheme, namely modes IN-2 and
OUT-1, yield much larger displacements from the initial
conformation than IN-1 and OUT-2, as measured by the
RMSD of the nonhydrogen atoms in the cholesterol ring
(1.85 and 1.98 Å vs. 0.71 and 0.74 Å, respectively). Com-
parison of the simulations of the same pose shows that
those modes with the lowest RMSD values also display the
smallest fluctuations around the average (0.98 and 0.35 vs.
0.08 and 0.15, respectively). Detailed examination of each
simulation reveals that in one of the simulations of IN-2
and OUT-1, the cholesterol molecule flips its orientation
around the long axis after several hundred picoseconds
(Table 2; see supplementary Fig. III).

Overall, this analysis indicates that the cavity of the
StART domain of MLN64 is well suited for a ligand of the
size and shape of cholesterol without significant deviations
from the apo form. The loops at the entrance of the hy-
drophobic cavity may display an alternative conformation
upon binding. These simulations agree with the docking
scoring in that modes IN-1 and OUT-2 are preferred.

Ranking of binding energies from the simulation ensemble. To
further discriminate among the hypothetical binding
poses of cholesterol in MLN64-StART, we derive a rank-
ing of the corresponding binding energies for each of the
ensembles generated with MD simulations, as described
in Methods. Although this approach is clearly unsuitable
for a rigorous calculation of the binding free energy
(50–53), it is considered to be adequate enough to identify
the most likely binding mode of protein-ligand complexes
(54, 55).

As shown in Table 3, mode IN-1 yields the most favor-
able binding energy, although the difference with mode
OUT-1 is marginal. In all cases, the largest contribution to
the binding energy originates from the van der Waals in-
teraction between ligand and receptor, whereas the favor-
able electrostatic component is much smaller. This is
consistent with the nonpolar nature of both the cavity and
the ligand. As expected, the electrostatic contribution to
the desolvation energy upon binding opposes the forma-
tion of the complex, whereas the nonpolar component,
which reflects the decrease in the solvent-accessible sur-
face area, contributes favorably. Both terms roughly cancel

Fig. 1. Ribbon representation of the StART domain of the meta-
static lymph node 64 protein (MLN64-StART), with cholesterol
bound in the IN-1 configuration. VMD (for visual molecular dy-
namics; 104) was used for all molecular graphics hereafter. The axis
used as a descriptor of the orientation of the ligand relative to the
cavity (IN/OUT) is indicated.

Structural models of cholesterol-StART domain complexes 2617
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out and are comparable across modes (within 1 kcal/mol).
Therefore, the discrimination between the different bind-
ing modes arises from the protein-ligand interaction en-
ergy. In particular, among the OUT modes, OUT-1 seems
to be favored mainly because of the electrostatic contri-
bution (by z2 kcal/mol). Similarly, the mode IN-1 pre-
sents better electrostatics than IN-2 (by z3 kcal/mol), and
an additional gain comes from the van der Waals inter-
action (2.6 kcal/mol). Sampling of the configurations
corresponding to mode IN-1 yields very homogeneous
values of the binding energy and all its components across
the multiple simulations (see values of standard devia-
tion). By contrast, larger differences are observed in mode
OUT-1 and notably in modes IN-2 and OUT-2, mainly
because of variations in the electrostatic interaction en-

ergy term (Table 3). As will be discussed next, this vari-
ability is attributable to alternative protein-ligand contacts.

Analysis of the cholesterol-protein electrostatic contacts. The
favorable electrostatic contributions observed in the IN-1
and OUT-1 configurations result from stable hydrogen
bonds between the hydroxyl group of cholesterol and the
protein (Figs. 3, 4). In the IN-1 mode (Fig. 3), cholesterol
forms a hydrogen bond at the end of the cavity with both
the side chain and the backbone carbonyl of serine 362
(Ser362) (average residence times of 98% and 65% of the
simulations, respectively; see Fig. 4). In the case of IN-2
(Fig. 3), although the interaction with the side chain of
Ser362 is still possible, the slightly different orientation of
the cholesterol ring favors the association of the hydroxylic

Fig. 2. Root mean square deviation (RMSD)-based clustering of the poses derived from docking choles-
terol into MLN64-StART. A: Population of the different clusters in the IN and OUT configurations,
alongside the corresponding structures. The four hypothetical poses selected after clustering for further
analysis through molecular dynamics (MD) simulations are shown inside the frames. B: Flexcdock scoring
energy values for the four most populated clusters. Dark gray bars represent average values and their
corresponding standard deviations. The energy values for the best-scored members of these clusters are
shown with light gray bars.

2618 Journal of Lipid Research Volume 47, 2006
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head also with the backbone carbonyl groups of valine 300
(Val300) or isoleucine 301, or alternatively, with proline
304. However, these contacts have significantly shorter
residence times (,41%) than those in IN-1 (Fig. 4) and
display more variability across simulations.

In the case of mode OUT-1 (Fig. 3), cholesterol forms
hydrogen bonds primarily with the side chain of Ser422 at
the N terminus of the C-terminal helix and less frequently
with the backbone amide of Ala338 in loop V1 (average
residence times of 76% and 18%, respectively). Thus, the
relatively large displacements of the ligand in this binding
mode relative to the docking output (Table 2) appear to
be concurrent with deviations in the structure of this re-
gion of the protein during the simulations (Fig. 3). Finally,

OUT-2 (Fig. 3) displayed only short-lived hydrogen bonds
with Ala335 and glycine 336 (Gly336) in loop V1, as well
as with Ser422 (residence times , 13%).

Biological insights. According to the computations, bind-
ing modes IN-1 and OUT-1 appear to be equally probable.
However, consideration of the biological context of the
uptake and release processes leads us to believe that bind-
ing of cholesterol to MLN64-StART in a configuration
similar to IN-1 is most likely. StART domains have been
shown to associate with cholesterol-containing mem-
branes during transport (7, 56, 57), and several lines of
evidence indicate that they do so through the C-terminal
helix and loops at the entrance of the binding cavity (58).

Fig. 3. Close-up view of the binding features of the four hypothetical modes for the cholesterol bound to
MLN64-StART. A representative configuration of each ensemble is shown.

TABLE 1. Ensemble-averaged RMSD values of the MLN64-StART
domain for each of the four hypothetical binding modes of cholesterol

with respect to the crystal structure

Atoms IN-1 IN-2 OUT-1 OUT-2

BB 1.3 (0.1) 1.3 (0.1) 1.3 (0.1) 1.2 (0.2)
BB-BETA 0.8 (0.1) 0.8 (0.1) 0.7 (0.1) 0.8 (0.2)
BB-HELIX 1.1 (0.2) 1.1 (0.1) 1.0 (0.1) 1.0 (0.1)
NON-H 1.8 (0.1) 1.9 (0.1) 1.8 (0.1) 1.7 (0.2)

MLN64-StART, StART domain of the metastatic lymph node 64
protein; RMSD, root mean square deviation. The least-square fitting
was carried out considering only the b-strand elements of the
structures. BB refers to all backbone atoms; BB-BETA and BB-HELIX
indicate backbone atoms of the b-strand elements and helical regions,
respectively, as assigned with the program STRIDE (105, 106); NON-H
refers to all nonhydrogen atoms of the protein. RMSD values are in Å.
The standard deviations of the time-averaged RMSD values derived
from each of the 10 simulations carried out per binding mode are given
in parentheses.

TABLE 2. RMSD of the cholesterol ring scaffold (including the two
methyl substituents, excluding hydrogen atoms) in the four

hypothetical binding modes in the cavity of MLN64-StART with
respect to the conformation at the start of the simulation

Simulation No. IN-1 IN-2 OUT-1 OUT-2

1 0.8 1.7 1.8 0.8
2 0.7 0.7 1.7 0.7
3 0.9 1.2 1.7 1.1
4 0.7 2.0 2.1 0.6
5 0.7 1.0 1.6 0.7
6 0.7 2.0 2.0 0.7
7 0.6 1.0 2.0 0.9
8 0.7 2.3 2.4 0.7
9 0.6 2.6 2.7 0.6
10 0.7 4.0 1.7 0.7
Average 0.7 (0.1) 1.8 (1.0) 2.0 (0.3) 0.7 (0.1)

The computation of the RMSD is analogous that in Table 1. RMS
displacement values are in Å. The simulations in which the cholesterol
ring flips, with respect to the starting position, are shown in boldface.

Structural models of cholesterol-StART domain complexes 2619
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The overall positive electrostatic potential in this region of
MLN64 is consistent with its association with acidic mem-
branes. Furthermore, by analogy with the mammalian
PITPa, whose architecture and function are comparable to
those of StART (59–63), these loops are believed to un-
dergo conformational changes that result in the opening of
the cavity, thus allowing the translocation of the ligand (26)
(see below for further discussion). Superimposition of the
structure of MLN64 and PITPa, as shown by Yoder et al.
(63), suggests that a common mechanism for the opening
of their cavities may exist and that the membrane an-
choring and the presentation of the ligand may be similar.
Bearing in mind that the orientation of cholesterol in the

membrane is such that its polar head points toward the
water-lipid interface (64–66), only binding modes in the IN
configuration appear to be mechanistically plausible.
Consistent with this argument, the orientation of the PC
lipid bound to the crystal structure of the PCTP StART
domain is such that its polar head group points toward the
end of the binding cavity, and not its entrance (31). The
interaction that makes mode OUT-1 comparable in energy
to IN-1 would not be available in the putative open state
suggested by PITPa. Consequently, we will model the struc-
ture of the homologous StART domain of the StAR pro-
tein assuming the binding mode IN-1 (Fig. 1).

StAR-StART in complex with cholesterol

Modeling and simulations of the StAR-StART domain in
complex with cholesterol. A homology model of the three-
dimensional structure of the human StAR-StART in com-
plex with cholesterol was built using the crystal structure
of MLN64-StART as template, with cholesterol occupying
the binding cavity in the IN-1 mode (Fig. 1). The sequence
alignment on which the model is based is shown in sup-
plementary Fig. I.

The model of StAR-StART in complex with cholesterol
was subsequently refined by means of multiple MD simu-
lations, as described previously. The backbone RMSD for
the resulting ensemble of conformations closely resem-
bles that of the MLN64 template (Table 4), although the
structural deviations in these simulations are slightly larger

Fig. 4. Hydrogen bonds between MLN64-StART and the hydroxyl group of cholesterol (donor and
acceptor) during the simulations of the four hypothetical binding modes, expressed as average percentage
residence times (black bars, IN-1; dark gray bars, IN-2; light gray bars, OUT-1; white bars, OUT-2). For a
given simulation, the residence time of a hydrogen bond is simply the fraction of the ensemble in which the
bond is present. The error bars represent the SD over the simulation in each set.

TABLE 3. Binding energy values (DGb) for the four analyzed binding
poses of cholesterol in the MLN64-StART domain, and the various

contributions thereof (see Methods)

Parameter IN-1 IN-2 OUT-1 OUT-2

DGb 269.7 (1.0) 261.7 (3.7) 268.2 (1.7) 264.7 (2.8)
DUVDW 256.7 (0.9) 254.2 (1.6) 256.2 (0.8) 256.0 (0.8)
DUelec 211.2 (0.7) 28.1 (4.4) 210.6 (2.1) 28.4 (3.4)
DDGs, np 214.8 (0.2) 214.2 (0.9) 215.4 (0.4) 215.0 (0.1)
DDGs, elec 13.0 (0.6) 14.7 (1.7) 14.0 (0.9) 14.6 (0.9)

All values were obtained by first averaging over the 1,000 configu-
rations collected from the last 500 ps of each simulation and binding
mode, and subsequently averaging over the 10 independent simu-
lations. Binding energy values are in kcal/mol. The standard deviations
of the per-simulation averages are given in parentheses.
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than those in the simulations of MLN64 itself (cf. Table 1).
Specifically, the ensemble-averaged backbone RMSD
values for the secondary structure elements are 1.1 and
2.1 Å for the b-strand and helical regions, respectively, and
2.0 Å for the overall structure. As for the MLN64 simu-
lations, these values reflect structural changes around the
entrance of the cavity, although in this case changes were
also located in other helical and loop regions (see sup-

plementary Fig. IV). Nevertheless, the overall architecture
of the domain and the binding cavity is preserved.

The ring scaffold of the cholesterol deviates by 1.9 Å on
average compared with the starting pose (Table 4). Al-
though no flipping was observed in any of the simulations
(see per-run RMSD values and time series in supplementary
Fig. V), the ligand appears to be less stable than in the
MLN64 simulations of the same binding mode, with a larger
variability among independent runs (cf. Table 2 and supple-
mentary Fig. III). Overall, the total binding energy calcu-
lated for cholesterol in the model of StAR-StART (Table 4)
is z10% less favorable with respect to MLN64 (cf. Table 3).
In particular, the most significant difference is observed
in the electrostatic component of the protein-ligand inter-
action energy, which is more than 2-fold less favorable.

Analysis of the binding mode of cholesterol in StAR versus
MLN64. The substitution of Ser362 in MLN64 by a Leu
residue in the equivalent position of StAR (Leu199) is the
underlying cause of the loss of favorable electrostatic in-
teractions. Thus, although the ligand is somewhat locked
in place in MLN64 by virtue of a hydrogen bond with
Ser362, only short-lived hydrogen bonds with the back-
bone of Leu199 (13%) and with the side chain of Arg188
(z5%) are observed in the ensemble of conformations
obtained for StAR (Fig. 5). Representative configurations
corresponding to these alternative hydrogen bonds in the
StAR-StART complex are shown in Fig. 6. In addition, the

TABLE 4. Average RMSD values for the protein and the cholesterol
ring, computed from the simulations of the model of the StAR-StART/

cholesterol complex, alongside the corresponding binding energy
and contributions thereof (as in Tables 1–3)

StAR-StART/cholesterol simulations

Protein RMSD Cholesterol Ring RMSD

BB 2.0 (0.2) Simulation # Time Average
BB-BETA 1.1 (0.2) 1 2.7
BB-HELIX 2.1 (0.2) 2 2.2
NON-H 2.5 (0.2) 3 1.0

Binding energy contributions 4 2.4
5 2.3

DGb 263.4 (4.0) 6 2.2
DUVDW 256.2 (2.0) 7 1.3
DUelec 23.9 (2.4) 8 1.0
DDGs, np 215.1 (0.8) 9 2.0
DDGs, elec 11.8 (1.7) 10 1.3

Average 1.9 (0.6)

RMSD values are in Å; binding energy values are in kcal/mol.

Fig. 5. Lifetime of the hydrogen bonds between the hydroxyl group of cholesterol (donor and acceptor)
and residues in steroidogenic acute regulatory protein StAR-StART (gray) or MLN64-StAR/IN-1 (black),
expressed as average percentages of the simulation times. For a given simulation, the residence time of a
hydrogen bond is simply the fraction of the ensemble in which the bond is present. The error bars represent
the SD over the simulation in each set.
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ring and the flexible aliphatic chain strongly contribute to
its interaction energy through a series of relatively un-
specific hydrophobic interactions with residues facing into
the cavity. Although equivalent contacts are found in
MLN64 and StAR-StART complexes (see supplementary
Fig. VI; cutoff of 3 Å), distinct contacts also exist as a result
of slight differences in the orientation of the cholesterol
ring (Fig. 6 vs. Fig. 3).

The absence of long-lasting specific hydrogen bonding
contacts in StAR-StART suggests that water molecules may
be mediating the interaction between ligand and protein
in this case. By contrast, a direct interaction with Ser362
appears to be predominant in MLN64-StART. Given that
this residue is conserved in all other putative or known
cholesterol binders in the StART domain family (StarD4,
StarD5, and StarD6) (28, 67), this difference might reflect
specific functional needs in the case of StAR. Although only
a few structures of protein-cholesterol complexes have been
solved to date, these already include examples of both
direct and water-mediated contacts for comparable binding
site architectures and presumably similar mechanisms of
uptake and release of the ligand. For instance, a specific
hydrogen bond with the side chain of a tyrosine residue was
observed in the crystal structure of the complex with b-
cryptogein (1lri) (68), whereas a well-ordered network of
water-mediated interactions was found in the hormone
receptor RORa (1n83) (44); two water bridges and a direct
hydrogen bond with a glutamine side chain are also present
in the recently reported complex of cholesterol with the
oxysterol binding protein Osh4 (1zhy) (69).

To further explore the possible role of water-mediated
hydrogen bonding, we analyzed the most probable occu-

pancy of water molecules within the cavity of both StART
domains in the presence of cholesterol in an ensemble
of 500 configurations extracted from our simulations
using the GRID molecular modeling software (70) (www.
moldiscovery.com; see Refs. 71–73 for successful predic-
tions using this application). Among the configurations of
the MLN64-StAR complex, in which a direct interaction
with Ser362 is almost always present (99%), only in 71
cases (14%) did GRID predict one or more water mole-
cules that could potentially form a hydrogen bond (based
on a distance criterion) with the hydroxyl group of cho-
lesterol and either the side chain of Ser362 (37 cases)
or those of both Ser362 and Arg351 (34 cases) (Fig. 6C).
By contrast, in the ensemble of configurations of StAR-
StART, a significantly higher number of cases were found
in which water molecules could form concurrent hydro-
gen bonds with cholesterol and the receptor is predicted:
183 of 500 configurations (37%). Specifically, one or more
water molecules in close proximity from either the car-
bonyl group of Leu199 and/or the guanidinium group of
Arg188 are found in 38% of the configurations in which
there is a lack of specific interaction of the cholesterol
with the residues in the protein (73% of the ensemble)
(Fig. 6D). Of those configurations of StAR-StART in which
cholesterol forms a hydrogen bond to Arg188 (9% of the
ensemble), at least one water molecule is predicted in 91%
of the cases (Fig. 6E). In the configurations in which there
is a direct interaction of cholesterol with residues located
at the end of the cavity (18% of the ensemble, mainly with
Leu199), a water molecule is found in only 3% of the cases.
In the great majority of the 183 cases mentioned above,
the water-mediated hydrogen bond network between cho-

Fig. 6. Close-up view of the binding conformation of cholesterol within StAR-StART. Two representative
configurations of the simulated ensemble showing direct hydrogen bond interactions of the hydroxyl group
of the cholesterol with the backbone of the residue of Leu199 (A) or the side chain of Arg188 (B) are
depicted. Examples of the water-mediated interaction of cholesterol and the protein, as predicted by GRID,
are shown for MLN64-StART (C) as well as StAR-StART (D, E).
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lesterol and the receptor is predicted to involve a single
water molecule, which would interact predominantly with
the carbonyl group of Leu199 only (133 cases) but also
with the side chain of Arg188 (50 cases). Interestingly,
mutations of the side chains of Arg188 and glutamate 169
(Glu169), which form an ion pair, have indeed been
shown to lead to a loss of function (13, 74), although it is
not clear whether this reflects an actual involvement in
ligand binding (20, 74) or simply a structural role during
folding of the polypeptide chain (13, 34, 75).

In summary, this analysis is consistent with the notion
that the direct hydrogen bond of cholesterol to Ser362,
present in MLN64-StART, could be replaced by a water-
mediated interaction with residues located at the end of
the cavity in StAR-StART. The water-mediated interaction
might also include the side chain of Arg188 (Arg351 in
MLN64), which is conserved or substituted by a polar
residue in other cholesterol binders of the StART family.
Additional simulations including solvent explicitly will
help to further explore the microscopic properties of
these water-mediated interactions.

From an experimental viewpoint, it would be of great
interest to determine how the exchange of the Ser and Leu
residues at the end of the cavity affects the binding prop-
erties of MLN64 and StART. Nonbulky esters, ethers, or
other related compounds at the cholesterol head could be
used to investigate the possibility of a water-mediated inter-
action network in the binding cavity. A similar idea has been
applied to the study of cholesterol binding to the hormone
receptor RORa, which was initially found to involve sev-
eral water bridges between ligand and protein (1n83). The
subsequent crystal structure of the complex with cholesterol
sulfate (1s0x) revealed that most of the water-mediated
contacts can be replaced by direct protein-sulfate interac-
tions, whereas the ligand was seen to be only slightly shifted
toward the polar end of the binding pocket (76).

Simulations of cholesterol release from the cavity of StAR
and MLN64 START domains

The mechanism of transfer of cholesterol between mem-
branes and the interior of StART domains remains to be
elucidated. At present, only the role of the C-terminal
helix and adjacent loops in mediating the interaction of
these domains with the membrane has been established
somewhat conclusively, specifically through proteolysis
and sequence-truncation experiments (58, 77, 78). The
charge distribution of StAR-StART is consistent with this
orientation for the membrane association. It is also clear
that upon interaction with the membrane, StART domains
must undergo a conformational change to facilitate the
uptake or release of their ligands. Nonetheless, the extent
of this change and the structural elements involved remain
a matter of debate (20, 31, 58, 79).

Based primarily on biophysical studies, it has been pro-
posed that the transfer of cholesterol in StAR and MLN64
may involve a transition to a molten-globule state, which
would entail noticeable changes in the secondary and
possibly tertiary structure of the protein as a result of
the interaction with the acidic mitochondrial outer mem-

brane (80). Specifically, the disruption of electrostatic in-
teractions stabilizing the arrangement of the C-terminal
helix, such as the Asp106-Arg272 ion pair in StAR, would
lead to changes in the protein fold and the exposure of the
binding site to the lipid phase (58, 79). This notion origi-
nates from the fact that circular dichroism and fluo-
rescence spectra change under low pH conditions, either
in solution (29, 78, 80, 81) or in the presence of zwit-
terionic synthetic membranes (82, 83), and from the ob-
servation that engineered disulfide bridges that prevent
the transition to the molten globule in StAR (S100C/
S261C and D106C/A268C; see Fig. 8 below) also lead to
the loss of cholesterol binding capacity and steroidogenic
activity (79).

By contrast, crystallographic data and the structural and
functional similarity of StART domains with other lipid
binding proteins suggest that the uptake and release of
cholesterol may simply involve the transient opening of its
narrow entrance without a significant perturbation of the
overall fold of the domain (20, 31, 84). This mechanism,
often referred to as “clam-shell,” is supported by the com-
parison of the apo structure of MLN64-StART and the
StART domain of PCTP in complex with a PC lipid, which
reveals that the most significant differences occur in the
positioning of loop V1 and the C-terminal helix (31).
Analogous structural changes involving the so-called lipid-
exchange loop are also apparent when comparing alter-
native conformations of the PITPa binding protein, which
is structurally similar to StART (62, 63, 85). On the other
hand, recent biophysical studies have indirectly suggested
that the interaction of PITP with membrane surfaces may
lead to more significant changes in the protein conforma-
tion (60).

To gain additional insights into the potential conforma-
tional changes required for the uptake and release of cho-
lesterol, and to qualitatively characterize the corresponding
pathway, we carried out multiple MD simulations in which
cholesterol is steered out of the cavity of StAR-StART and
MLN64-StART (see Methods for further details). In spite
of the differences in the starting configuration of the com-
plex, force constants, and steering rates, the same overall
conclusions can be drawn from several independent sim-
ulations. First, analyses of the time series of the RMSD of
the cholesterol ring (Fig. 7A), per-residue contributions
to that of the backbone (Fig. 7C), and the relative dis-
placements of loops adjacent to the C-terminal a-helix
(Fig. 7B) suggest that cholesterol release only requires the
opening of loop V1 (residues 172–181 of StAR and resi-
dues 335–344 of MLN64). For example, the backbone
RMSD of Gly176 of StAR, located in that loop, increases to
10–14 Å relative to the starting conformation. Accordingly,
a correlated increase in the distances between Gly176 and
residues in the C-terminal helix is also observed (Fig. 7B).
By contrast, the RMSD of all of the residues other than the
loop remains in the 2–3 Å range (Fig. 7C).

In Fig. 8 representative configurations taken from
the steered MD simulations of cholesterol release from
MLN64 and StAR-StART are depicted alongside the closed
and putatively open states of PITPa. As discussed above,
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these simulations indicate that the structural changes in-
volved in cholesterol release entail primarily the V1 loop,
which was observed to adopt an open conformation as
cholesterol leaves the binding cavity and to subsequently
close once the ligand is in the bulk. Although the process
of release was simulated far from equilibrium, compari-
son of PITPa in its closed and open conformations indi-
cates that the overall conclusions from this analysis are
very plausible.

Analysis of the hydrogen bonds between ligand and
protein during the steered simulations reveals a putative

pathway comprising a series of transient states stabilized
by specific interactions (Fig. 9). In the case of StAR,
hydrogen bonds of the cholesterol hydroxyl group are
formed with the side chains of residues within the cavity,
such as threonine 223 (Thr223), Arg188, Glu169, and
histidine 220 (His220) (all of which line the b-stranded
walls of the cavity that are opposed to the C-terminal
a-helix). Interactions with the side chains of Asn148 and
Asn150 (located in the region between b3 and b4 and
contributing to the roof of the binding site) and Thr263
(at the N terminus of the C-terminal helix) (Fig. 9) are also

Fig. 7. Steered MD simulations of cholesterol release from the MLN64-StART and StAR-StART cavity (force constant of 2 kBT Å22 and rates
of 0.01 Å ps21 and 0.02 Å ps22, respectively). A: Cholesterol displacements during the steered simulation in terms of the RMSD of the ring
moiety with respect to the starting position as a function of the frame number (2 per ps). B: Time series showing the Ca-Ca distances
between residue pairs in the C-terminal a-helix and loops b1-b2 (MLN64, Lys263-Ala424 and Asp269-Ala431; StAR, Ser100-Ser261 and
Asp106-Ala268) and V1 (b5-b6) (MLN64, Gly339-Ile419; StAR, Gly176-Ile256) during the steered simulation. C: Per-residue backbone
RMSD of the protein during these simulations of cholesterol release showing the transient opening of loop V1.
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observed. Overall, these intermediate states can be cor-
related with the stepwise displacements of the choles-
terol as it is steered out of the cavity and the concomitant
opening of loopV1 (Figs. 7, 8). Loss of the interaction with
Asn150 appears to be the last step before the complete
release of cholesterol. Interestingly, three of these residues
have been demonstrated to be important for the activity of
StAR, namely Glu169 [mutated to Thr and lysine (Lys)/Gly
in the lipoid adrenal hyperplasia] (13), Arg188 [mutated
in vitro to methionine (Met) together with a mutation to

Leu of Glu169, with which it forms a salt bridge] (74), and
Asn148 (previously related to the specificity of StAR and
MLN64 for cholesterol together with Met144) (20, 23, 31).
Their potential role in the stabilization of intermediate
states during cholesterol uptake and release provides a
plausible rationale for their functional importance; there-
fore, we propose that further mutagenesis studies tar-
geting these residues (i.e., Thr223, His220, Asn150, and
Thr263) may provide new insights into the mechanism of
sterol binding.

Fig. 8. A: Three-dimensional structure of the closed (red) and open (green) configurations of phosphatidylinositol transfer protein a

(PITPa). The opening of the lipid-exchange loop putatively associated with ligand uptake and release is highlighted (the structure derived
from a homodimeric complex where this loop is domain-swapped) (62). B: Initial, intermediate, and final conformations of MLN64-StART
(top) and StAR-StART (bottom) from the steered MD simulation of cholesterol release (force constant of 2 kBT Å22 and rates of 0.01 Å ps21

and 0.02 Å ps22, respectively). Loop V1 is highlighted in its closed (red) and open (green) conformations. See also movies in the supple-
mentary material.
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Similar conclusions can be drawn from analogous steered
MD simulations of MLN64-StART (data not shown). In
both cases, a lid-like transient opening of loop V1 seems
to provide a sufficient conformational change that would
allow cholesterol egress from the StART binding site, with-
out further substantial rearrangement of the structure
(Figs. 7, 8; see movies in supplementary material). In con-
flict with the molten-globule hypothesis, these simulations
reveal no significant changes in the distances between those
residues involved in the stabilization of the C-terminal
helix or between the residues engineered to form disulfide
bridges that were recently reported to abolish cholesterol
binding (79) (Fig. 8; see supplementary Fig. VII). Thus, we
hypothesize that the latter experimental observation might
simply reflect a reduction in the binding affinity of the
domain caused by subtle but critical structural changes,
rather than a perturbation of the mechanism of opening of

the binding cavity. Supporting this notion, conformational
changes upon disulfide bridge formation have been re-
ported (86) and characterized at atomic resolution for the
reduced and oxidized forms of proteins such as SOD1 (87)
and the members of the peroxiredoxin family (88), as well
as in the case of engineered disulfide mutants. For example,
the C21-C142 mutant of T4 lysozyme, whose reduced-form
structure is almost identical to that of the wild-type protein,
alters its conformation upon oxidation, causing the a car-
bons of the cysteine (Cys) pair to move toward each other
by 2.5 Å (89). A careful analysis based on the simulations of
the protein-cholesterol complexes reported above suggests
that the engineered disulfide bridges reported by Baker,
Yaworsky, and Miller (79) could have an impact on equi-
librium ligand binding. Direct substitutions of Cys residues
in the ensemble of 10,000 configurations of StAR-StART
yield average S-S distances of 5.7 6 1.4 and 3.3 6 0.9 Å for

Fig. 9. Steered MD simulation of cholesterol release from the StAR-StART cavity (force constant of 8 kBT Å22 and rate of 0.01 Å ps21). A:
Cholesterol displacements during the steered simulation in terms of the RMSD of the ring moiety with respect to the starting position as a
function of the frame number (2 per ps). B: Time series analysis of the hydrogen bonds formed between the cholesterol hydroxyl group and
the side chains of residues within the cavity during the steered simulation. C: Representative configurations of the complex of StAR-StART
and cholesterol from the simulated ensemble. The sequential interactions of cholesterol with residues lining the binding cavity of StAR-
StART are indicated.

2626 Journal of Lipid Research Volume 47, 2006

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 
0.DC1.html 
http://www.jlr.org/content/suppl/2006/09/27/M600232-JLR20
Supplemental Material can be found at:

http://www.jlr.org/


the Ser100/Ser261 and Asp106/Ala268 pairs, respectively.
Similar substitutions in the ensemble of MLN64-StART
(IN-1) yield average distances of 5.9 6 0.3 and 2.6 6 0.3 Å
for the Lys263/Ala424 and Asp269/Ala431 pairs, respec-
tively (those distances are 4.1 and 2.8 Å in the crystal struc-
ture of the apo MLN64-StART). Because the S-S distance in
disulfide bridges isz2.0 Å, it seems likely that the formation
of a disulfide bond will give rise to local structural stress that
could affect ligand binding. Unfortunately, the current
computational framework precludes us from fully elucidat-
ing the nature of such subtle changes and their potential
impact on the binding process.

The binding properties of StART domains are known to
be highly sensitive to subtle changes in the C-terminal re-
gion. For example, one of the three available atomic struc-
tures of PCTP-StART in complex with PC lipids reveals
a disulfide bond between Cys63 and Cys207 (in the loop
joining b3-a2 and the C-terminal helix, respectively). Al-
though the formation of this bond induces only slight
local changes in structure and is believed not to affect the
function of the protein, the specific activities of the C63A
and C63S mutants were reduced by 22% and 55%, re-
spectively, with respect to the wild-type protein (31). In
StAR itself, missense mutations of residues located in the
C-terminal helix and adjacent loops lead to complete mal-
function, as in the pathological mutants L260P (9),
DR272, and L275P (90), or to partial loss of activity, as in
the F267Y, D246A, and K248M in vitro mutants. By con-
trast, more conservative mutations at the C terminus of the
helix, such as H270Y, S277A, and C285S, have no signifi-
cant impact on the activity (90).

In summary, the present analysis is consistent with the
view that the uptake and release of cholesterol could take
place via conformational changes localized at the entrance
of the binding cavity while preserving the secondary struc-
ture and overall fold of the protein. We thus speculate that
the role of loop V1 in StAR domains may be analogous
to that of the lipid-exchange loop in PITPa (62, 85)
(Fig. 8A). Mutagenesis studies focused on this region of the
protein, such as those by Baker, Yaworsky, and Miller (79)
(e.g., substituting the Ala175-Val259 pair), or the intro-
duction of spectroscopic probes and a range of biophysical
methods, could help assess the validity of this hypothesis.
The conception of a multistep pathway in and out of the
binding cavity via a localized conformational change in
the structure could be implicated in the function of other
sterol/lipid-carrier proteins, such as PITPa (91), PITPb (92),
Niemann-Pick type C2 protein (93), sterol carrier protein-2
(94), plant nonspecific lipid transfer proteins (95–97),
elicitins such as b-cryptogein (68, 98–100), the ligand bind-
ing domain of RORa (44, 76), sterol esterase (101), cho-
lesterol oxidase (102), oxysterol binding protein-related
proteins (69), and even fatty acid binding proteins (103).

CONCLUSIONS

Computational methods have been used to model the
three-dimensional atomic structure of the complex of cho-

lesterol with the homologous StART domains of the
human proteins MLN64 and StAR and to investigate the
cholesterol uptake and release mechanism.

Overall, no major changes in the protein structure were
observed upon inclusion of cholesterol, supporting the view
that these domains contain a preformed cavity that is
suitable in shape and size for cholesterol binding. Both
three-dimensional models present similar binding features,
although the substitution of residue Ser362 in MLN64 by
Leu199 in StAR appears to weaken the strength of cho-
lesterol binding. The major contribution to the ligand-
protein interactions is attributable to nonpolar contacts
with side chains lining the binding cavity, although elec-
trostatic interactions could play an important role in the
fine-tuning of the binding mode. Our analysis suggests that
a hydrogen bond could exist between the hydroxyl group
of cholesterol and MLN64-Ser362 and that this interac-
tion is replaced by a water bridge with the backbone of
Leu199 in StAR. In addition, we propose that Arg351/
Arg188 might also be involved in a water-mediated inter-
action network similar to those observed in other choles-
terol binding proteins.

Using steered MD simulations, a lid-like transient open-
ing restricted to loop V1 is sufficient to allow the choles-
terol egress from the StAR-StART binding site, without any
significant rearrangement of the protein structure. Fur-
thermore, a series of hydrogen bond contacts between
cholesterol and the side chains of residues lining the cavity
appear to stabilize several intermediate states while the
ligand is released. This observation suggests an explana-
tion for the known functional importance of some of these
residues, which otherwise appear not to participate di-
rectly in the stabilization of cholesterol.
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