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Figure S1. Convergence of the US simulations for lipid molecules binding to the L
membrane. PMF profiles of POPC (a, b), DSPC (c, d), Chol (e, f) binding to Lp membrane with
5 ns intervals in 50 ns sliding blocks in US1 (upper panel) and US2 (lower panel).
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Figure S2. Convergence of the US simulations for lipid molecules binding to the Lg
membrane. PMF profiles of POPC (a, b), DSPC (c, d), Chol (e, f) binding to Lo membrane with
5 ns intervals in 50 ns sliding blocks in US1 (upper panel) and US2 (lower panel).
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Figure S3. Convergence of the US simulations for lipid molecules binding to the BNNS.
PMF profiles of POPC (a), DSPC (b), Chol (c) binding to BNNS with 5 ns intervals in 50 ns
sliding blocks.
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Figure S4. Comparison of the PMF profiles for lipid molecules binding to Lp , Lo
membranes in US1 and US2 . PMF profiles of POPC (a), DSPC (c), Chol (e) binds to Lp
membrane. PMF profiles of POPC (b), DSPC (d), Chol (f) binding to Lo membrane. Arrows
indicate the positon of PMF wells.
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Figure S5. Interaction strength of lipids binding to BNNS. (a) Minimum distance between
backbone atoms of lipids and BNNS mapping to the representative structures for POPC, DSPC
and Cholesterol from left to right, respectively. (b) Number of contact between backbone atoms
of lipids and BNNS mapping to the representative structures for POPC, DSPC and Cholesterol
from left to right, respectively. A contact is defined when the distance of two atoms is less than

0.4 nm. The minimun distance and number of contact of each atom are listed in Table S1.
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Orientation switch during slow binding of Chol to BNNS

US simulations provide insights into the binding of Chol to BNNS that the Chol undergoes an
orientation switch at a separation around 0.9 nm (Fig. S6a-b). According to the nomenclature of
ring compounds proposed by Rose et al.**, the planar sterane backbone of cholesterol defines two
distinct sides referred to as a and B faces (Fig. S6¢). The a face displays a planar surface while
the B face has a significantly rougher surface due to the presence of aliphatic groups. We found
that during the binding/unbinding of Chol to BNNS, Chol binds BNNS with a face (Fig. S6a
state1) while the separation is less than 9 nm and switch to B faces binding (Fig. S6a state2) when
the separation gradually increases. As the orientation of Chol switch, the slope of PMF becomes
smoother. Conformational space defined by the separation and the orientation between Chol and

BNNS clearly show the switching of two states (Fig. S6d).
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Figure S6. US simulations reveal orientation switch during slow binding of Chol to BNNS.
(a) Two state identified in US simulation near separation of ~0.9 nm (b) PMF profile show the
switch point (c) Orientiation angle definition of Chol. V is defined as the cross product of V¢s3-cg
and Vcs-c11, Vs is perpendicular to the BNNS plane point towards Chol, V¢ and Vi determine the
angle. (d) Conformational space of two identified states, which is defined by the separation and

the orientation between Chol and BNNS.
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Assessment of the electrostatic interactions for BNNS

As we treated the BNNS in a simplified model using uncharged Lennard-Jones particles, to test
whether the LJ potential can compensate the loss due to absence of electrostatic interactions, we
compared the PMF of DSPC-BNNS systems with/without partial charges of -0.35¢ for the boron
atoms and +0.35e for the nitrogen atoms of BNNS (Fig. S7). The well deapth of system
with/without partial charge are -33.63+0.16 kcal/mol and -31.59+0.28 kcal/mol, respectively,

which counts for 6% shift of the well depth after adding the electrostatic interactions.
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Figure S7. PMF of DSPC-BNNS system with/without partial charge of -0.35¢ (B) and +0.35e
(N). The well deapth of system with/without partial charge are -33.63+0.16 kcal/mol and -
31.59+0.28 kcal/mol, respectively.
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Table S1. Binding strength of POPC, DSPC, and Cholesterol to BNNS.

POPC DSPC Cholesterol
Atom Min Distance Contact Min Distance Contact Min Distance Contact Atom
Name (nm) Num. (nm) Num. (nm) Num. Name

N 0.477 0.295 0.549 0.065 0.377 2.98 C3
Cl12 0.428 2.309 0.548 1.451 0.402 1.007 03
C13 0.477 1.94 0.559 1.103 0.452 0.007 Cc4
ci4 0.498 1.471 0.531 0.518 0.434 0.051 e
C15 0.51 1.329 0.559 1.005 0.39 1.508 C6
Cl11 0.393 3.508 0.473 1.828 0.38 2.812 C7
P 0.534 0.017 0.556 0.029 0.436 0.001 C8
0o13 0.605 0.107 0.594 0.163 0.392 1.56 Cl4
014 0.579 0.217 0.608 0.227 0.398 1.063 C15
012 0.477 0.221 0.498 0.223 0.385 2.075 Cleé
Ol11 0.445 0.379 0.503 0.139 0.382 2.289 C17
Cl 0.391 1.998 0.39 2.059 0.438 0.001 C13
C2 0.431 0.067 0.368 3.61 0.59 0 C18
021 0.379 2.578 0.442 0.131 0.391 1.812 C12
C21 0.449 0.015 0.407 1.035 0.428 0.121 Cl11
022 0.559 0 0.324 6.58 0.404 0.614 Cc9
C22 0.373 3.461 0.479 0.329 0.45 0 C10
C3 0.388 2.451 0.383 2.181 0.599 0 C19
031 0.388 1.988 0.352 4.425 0.377 3.091 Cl
C31 0.386 2.325 0.402 1.51 0.394 1.151 C2
032 0.383 3.934 0.466 1.512 0.429 0.023 C20
C32 0.385 2.257 0.369 3.614 0.4 1.341 C21
C23 0.408 1.189 0.435 0.932 0.372 3.439 C22
C24 0.39 2.253 0.401 1.399 0.428 0.201 C23
C25 0.409 1.303 0.39 2.161 0.379 2.786 C24
C26 0.394 1.99 0.386 1.996 0.432 0.253 C25
C27 0.414 1.313 0.381 2.596 0.437 1.582 C26
C28 0.4 1.91 0.381 2.377 0.415 1.934 C27
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