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2LP1 structure derived from the CG trajectory was employed in
protein position-restrained CG simulation, and the results which
were based upon the selected stable C99 structure were then
further validated by the AT simulations where the flexibility of the
protein and the C99-cholesterol interactions can be described
more accurately.

A multi-site cholesterol binding model was captured in the
simulations

The isosurface of cholesterol in protein-restrained CG simula-
tions (Fig. 2B) depicts 6 possible binding sites in the C99 TMD
(transmembrane domain): two of which are in the N-terminus
including the GxxxG motif, and the other four in the C-terminus
(Fig. 2B and C). All binding sites located in the groove between
two contact surfaces are concave for the anchorage of cholesterol
(Fig. 2B and C). Cholesterol adjusts conformations to fit the
different shapes of the binding sites. The cholesterol binding
is constantly changing in forms of multiple binding, singular
binding and no binding.

The results above are instructive, since all the binding sites
found in restrained CG simulations have been screened out
in the AT trajectories (Fig. 2E), according to the following

standards: (1) cholesterol is closely attached to the protein
surface; (2) cholesterol binds in the same area, which can be
identified with residues as the scale; and (3) the combination
time reaches the level of 10 ns. This suggests that those binding
sites found in restrained CG simulations do exist. And it is
feasible that protein restrained CG simulations can be performed
as a preliminary search scheme of binding sites, complementary
to detailed AT simulations.

Additionally, site 0 which is not fully reflected in the
cholesterol isosurface (Fig. 2B) has been found, and it may be
an intermediate state for cholesterol binding to site 1 (Fig. 3E).
It is worth mentioning that the backbone conformation of the
C99 TM in CG or AT simulation is consistent, which provides a
theoretical basis for the similarities of the cholesterol binding
sites in the two simulations. However, the binding positions of
cholesterol at sites 1, 3 and 6 are slightly different from those in

Fig. 1 (A) The COM (center of mass) distance between a cholesterol and
the N-terminus or C-terminus of the C99 TMD as a function of time from a
representative example. (B) The cholesterol axial–radial number density
distribution, calculated from 10 � 3 ms CG trajectories, where the C99
protein was fitted onto a unique reference structure to maintain the frame
of the reference. The X-axis represents the axial orientation of the C99
TMD. The Y-axis represents the radial distance to the TMD. At the radial
distance below 0.5 nm is the corresponding residue distribution. The
colored scale at the bottom defines the cholesterol number density.

Fig. 2 (A and B) The images of the cholesterol isosurface (green).44 C99
protein is shown in white, the phosphocholine group in cyan and Gly
residues in red. (A) calculated from 10 � 3 ms CG trajectories, where the
C99 was fitted onto a unique reference structure. (B) calculated from
10� 3 ms protein restraint CG simulation. (C and D) The schematic diagram
of cholesterol binding. From left to right and top to bottom, the binding
sites are described accordingly as regions no. 1–6. (C) for CG simulation
depicted according to (B). (D) For AT simulation depicted according to the
observation of AT trajectories. (E) From left to right, the typical binding
conformations from AT simulation, respectively, correspond to no. 1–6
sites of C99. The residues that contribute most at each binding site are
shown in color, with detailed descriptions in Fig. S3–S9 (ESI†).
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the restrained CG model (Fig. 2C and D), as the protein structure
in AT simulations is more dynamic and flexible compared to that
in the semi-rigid protein restrained CG simulations, which result
in shrinkage or deformation of the groove. Moreover, in CG
simulations, the juxtamembrane region of C99 swings all the
way, and the orientation of juxtamembrane along the membrane
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cholesterol mostly interacts with the GXXXG motif in side
surface binding. This is different with Straub’s observation that
cholesterol prefers a surface binding with the GxxxG motif,52

which may be related to the initial location of the cholesterol in
the 1 : 1 binary complex. The binding conformations, hydrogen
bonds and residue contribution at each site are also provided in
the ESI† (Fig. S3–S9 and Table S2).

The amino acid GAVILMTKF, especially VIKF plays a key role in
this association

The summary of residue contributions to the DMM energy
(Fig. 5) shows that the high contribution residues are, respectively,
Phe690, Lys699, Ile702–Met706, Gly708, Val710–Ile718 and Lys725;
in which Phe690, Lys699, Ile712, Val717 and Lys725 are particularly
outstanding. While Leu, Gly and Ala are essential to some
binding sites, a detailed description of residue contribution to
each binding sites is provided in the ESI.† Given the cholesterol’s
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