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Abstract

Cellular distributions of the sphingolipid ceramide-1-phosphate (C1P) impact essential bio-
logical processes. C1P levels are spatiotemporally regulated by ceramide-1-phosphate
transfer protein (CPTP), which efficiently shuttles C1P between organelle membranes. Yet,
how CPTP rapidly extracts and inserts C1P into a membrane remains unknown. Here, we
devise a multiscale simulation approach to elucidate biophysical details of CPTP-mediated
C1P transport. We find that CPTP binds a membrane poised to extract and insert C1P and
that membrane binding promotes conformational changes in CPTP that facilitate C1P
uptake and release. By significantly disrupting a lipid’s local hydrophobic environment in the
membrane, CPTP lowers the activation free energy barrier for passive C1P desorption and
enhances C1P extraction from the membrane. Upon uptake of C1P, further conformational
changes may aid membrane unbinding in a manner reminiscent of the electrostatic switch-
ing mechanism used by other lipid transfer proteins. Insertion of C1P into an acceptor mem-
brane, eased by a decrease in membrane order by CPTP, restarts the transfer cycle. Most
notably, we provide molecular evidence for CPTP’s ability to catalyze C1P extraction by
breaking hydrophobic C1P—membrane contacts with compensatory hydrophobic lipid—pro-
tein contacts. Our work, thus, provides biophysical insights into how CPTP efficiently traffics
C1P between membranes to maintain sphingolipid homeostasis and, additionally, presents
a simulation method aptly suited for uncovering the catalytic mechanisms of other lipid
transfer proteins.

Author summary

Critical cellular processes require spatiotemporal regulation of sphingolipid levels among
organelle membranes. Programmed cell death and inflammation, for example, are
impacted by the distribution of ceramide-1-phosphate (C1P). C1P levels are specifically
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altered by ceramide-1-phosphate transfer protein (CPTP), which mediates C1P inter-
membrane transport. Using a multiscale simulation approach tailored to studying lipid
transport, we elucidate key steps in the molecular mechanism used by CPTP to rapidly
transport C1P between membranes: Through conformational changes that are coupled to
membrane binding, CPTP significantly disrupts C1P’s local hydrophobic environment in
a membrane and catalyzes its extraction. Since this catalytic mechanism is biophysically
related to that of passive lipid transport, it may be ubiquitously used by lipid transport
proteins to rapidly traffic lipids between membranes and ensure membrane homeostasis.
Our multiscale simulation approach offers a framework to test this hypothesis and, thus,
further our molecular knowledge of how lipid transfer proteins function to regulate cellu-
lar lipid distributions.

Introduction

Sphingolipids play critical roles in numerous cellular processes, including cell growth, differ-
entiation, migration, and survival [1, 2]. Normal biological function requires spatiotemporal
regulation of sphingolipid levels among organelle membranes [2-4], and altered distributions
are linked to the pathophysiology of diseases including cancers, inflammatory diseases, meta-
bolic syndromes, and neurological disorders [1, 5-7]. Precise sphingolipid distributions are
maintained through coordinated regulation of sphingolipid metabolism within specific organ-
elle membranes and transport between them [3, 4, 8, 9]. While interorganelle transport can
occur through vesicular trafficking [3, 9], individual sphingolipids are also specifically trans-
ported between membranes by lipid transfer proteins [9-14]. One such protein, ceramide-
1-phosphate transfer protein (CPTP) transports ceramide-1-phosphate (C1P), a mitogenic
and prosurvival sphingolipid [1, 15], from the trans-Golgi, where it’s synthesized from cer-
amide, to nuclear and plasma membranes [16]. By selectively trafficking C1P from the trans-
Golgi, CPTP modulates pro-inflammatory eicosanoid production, interluekin release, and
autophagy, and, thus, may help reduce the risk of chronic inflammation [16-18].

Efforts to fully decipher and modulate CPTP’s role in both homeostasis and disease, never-
theless, remain hampered by an incomplete biophysical understanding of how CPTP rapidly
traffics C1P between organelles. Structural and biochemical studies [16, 19, 20] have elucidated
initial details about how CPTP functions as a cytosolic lipid shuttle [11, 14]: During transit,
CPTP houses C1P within a hydrophobic cavity at the interior of its all a-helical, sandwich-like
structure [16], thereby shielding C1P’s hydrophobic tails from unfavorable exposure to sol-
vent. While this partially explains why CPTP facilitated transport of C1P is more rapid than
passive transport, it fails to explain how CPTP swiftly extracts (and inserts) C1P from (into) a
membrane. Based on crystallographic measurements, a cleft-like gating mechanism has been
proposed to control access to CPTP’s hydrophobic cavity and to facilitate C1P entry and exit
[16]; however, because such molecular motions have yet to be resolved, their importance for
C1P uptake and release is unclear. An additional puzzle is how CPTP overcomes the signifi-
cant free energy barrier for lipid desorption from a membrane, which limits passive lipid trans-
port rates [21-25]. We recently demonstrated that the activation free energy barrier for passive
lipid desorption reflects the thermodynamic cost of breaking hydrophobic lipid-membrane
contacts [25], and that it can be lowered by decreasing the hydrophobicity of the transferring
lipid’s local membrane environment [26]. Thus, we hypothesize that CPTP rapidly extracts
C1P from a membrane by disrupting hydrophobic C1P-membrane contacts, thereby lowering
the free energy barrier for lipid desorption and catalyzing C1P transport.
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Here, we investigate how CPTP performs individual steps of the C1P transfer cycle using a
multiscale molecular dynamics (MD) simulation approach. Significant structural differences
between the apo and C1P-bound forms, observed in both published crystal structures [16] and
our solution-phase simulations, indicate that conformational changes are required to accom-
modate C1P in CPTP’s hydrophobic cavity. Consistent with previous results [16, 27], CPTP
exhibits a single favorable membrane binding pose that aptly positions the entrance to its
hydrophobic cavity at the membrane interface in our simulations. We find that membrane
binding promotes rearrangements of CPTP’s helices as expected for a cleft-like gating mecha-
nism to facilitate C1P entry and exit into its hydrophobic cavity. Key to CPTP’s catalytic func-
tion, we find that the apo form significantly disrupts a lipid’s local hydrophobic environment
in the membrane. As a result, CPTP reduces the rate-limiting free energy barrier for C1P
desorption. We suggest that uptake of C1P may then trigger conformational changes that
prompt membrane unbinding and continuation of the transfer cycle. Overall, our simulations
shed light on how CPTP rapidly traffics C1P between membranes and also offer molecular
explanations for previous experimental findings.

Results

We devise a multiscale simulation approach that builds upon previous structural studies [16,
27] and our earlier studies of passive lipid transport [25, 26] to efficiently and accurately char-
acterize key elementary steps of C1P transport by CPTP. Specifically, we model the transport
of C1P with a saturated, 16-carbon acyl chain, which is CPTP’s most likely in vivo substrate
[16], between membranes composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), which have been used in experimental transfer assays [16, 19, 20], by human CPTP.
We use atomistic simulations to resolve conformational changes that occur upon membrane
binding and to capture C1P extraction from and insertion into a membrane, whereas we use
coarse-grained simulations to observe multiple membrane binding events, which require
microsecond-long simulations. Using an enhanced sampling method specifically targeting the
degrees of freedom that hinder passive lipid transport, we calculate an all-atom free energy
profile of CPTP-mediated C1P extraction and compare it to that of passive C1P desorption
from a membrane to assess CPTP’s catalytic abilities.

CPTP’s hydrophobic cavity must expand to accommodate C1P

CPTP has a two-layered, all a-helical topology that is homologous with the glycolipid transfer
protein (GLTP) fold [18, 28-30]. Within the interior of CPTP’s sandwich-like structure com-
posed of nine a-helices is a hydrophobic cavity that adaptively expands to accommodate C1P.
We first examined how the size of the cavity and overall structures of the apo and C1P-bound
forms of CPTP differ in solution. To initialize solution-phase simulations, we used the most
complete crystal structure of CPTP with C1P fully bound in its hydrophobic cavity (PDB
4K85). Final structures from our solution-phase simulations of the apo and C1P-bound forms
are shown in Fig 1A-1C. Without C1P present in the cavity, CPTP’s helices reorient them-
selves, closing off the entrance to the hydrophobic cavity and barring entry of solvent mole-
cules. In particular, helix 2, which is located on one side of CPTP’s sandwich topology, and
helices o4 and a8, which are located on the opposing side, angle into the hydrophobic cavity
and fill the space otherwise occupied by C1P (Fig 1A). Due to the closer packing of multiple
helices in the apo form, the hydrophobic cavity collapses (Fig 1B and 1C). To quantify the
change in hydrophobic cavity volume, we use the geometry-based detection algorithm
MDpocket [31] to identify the void between CPTP’s two a-helical layers unoccupied by pro-
tein, and find that the total volume of the hydrophobic cavity in the apo form is on average
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Fig 1. In solution, conformational differences between the apo and C1P-bound forms of CPTP tune the accessibility and volume of the
hydrophobic cavity. (A) Superimposed structures of the apo form (cyan) and C1P-bound form (magenta) obtained from solution-phase
simulations are shown from three views. Structures were aligned to minimize the root-mean-square deviation (RMSD) of Cax atoms of helix a6.
Helices (eN and a1 — a8) are numbered from amino (N) to carboxy (C) termini. CIP is rendered as van der Waals spheres and colored orange. (B
and C) Residues lining the hydrophobic cavity are shown as a gray surface on the (B) apo and (C) C1P-bound structures. (D) Distributions of the
total volume of the hydrophobic cavity during solution-phase simulations of the apo and C1P-bound forms. Cavity volume is calculated as the

volume of CPTP’s interior unoccupied by protein heavy atoms using MDpocket [31] and includes volume occupied by C1P in the C1P-bound
form.

https://doi.org/10.1371/journal.pchi.1010992.9001

only half the volume of the cavity in the C1P-bound form (Fig 1D). Consistent with conclu-
sions made based on crystal structures [16], our results indicate that CPTP must undergo sig-
nificant conformational changes to accommodate C1P in its hydrophobic cavity. Differences
in the structures of the C1P-bound and apo forms in our simulations are further suggestive of
the previously proposed cleft-like gating mechanism [16]: To accommodate C1P, helices on
one side of CPTP’s sandwich-like structure are collectively displaced due to a substantial
change in the location of helix a3, which connects residues on either side of the hydrophobic
cavity (S1 Fig and S1 Text, Note A).

Membrane binding poises CPTP to extract C1P

We next characterized how CPTP, in both apo and C1P-bound forms, binds to a POPC mem-
brane. To observe multiple spontaneous binding events, we performed coarse-grained
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simulations (S2 Fig). While the coarse-grained model accurately recapitulates the structure
and internal dynamics of CPTP observed in our atomistic solution-phase simulations (S3 and
S4 Figs), it cannot capture conformational changes that may occur upon membrane binding.
Thus, we converted membrane-bound, coarse-grained configurations back into all-atom rep-
resentations in order to resolve conformational changes that may result from CPTP-mem-
brane interactions.

A single binding pose is observed in coarse-grained simulations (Fig 2 and S2 Fig), and
CPTP remains favorably bound to the membrane in the same overall pose in all-atom simula-
tions (Fig 2). This membrane-bound pose matches that predicted based on CPTP’s crystal
structure modeled in the presence of an implicit membrane [16], which has previously been
shown to be stable in all-atom MD simulations [27]. In both apo and C1P-bound forms, the
loop connecting helices a1 and a2 along with helix a6 inserts into the membrane’s hydropho-
bic core (Fig 2A). A combination of hydrophobic and aromatic residues, specifically 149, F50,
and F52 at the N-terminus of helix o2 and W152, V153, and V160 of helix a6, anchor CPTP to
the membrane as predicted from crystal structures [16] and identified in previous simulations
[27]. When bound to the membrane, the entrance to CPTP’s hydrophobic cavity is aptly posi-
tioned at the membrane-solvent interface (Fig 2B and 2C). Additionally, the cleft between
CPTP’s two a-helical layers faces into the membrane’s hydrophobic core, providing an avenue
for C1P to move from the membrane into CPTP’s hydrophobic cavity without exposing its
tails to solvent.

Subtle differences in the binding pose of the apo form observed in all-atom versus
coarse-grained representations (Fig 2A and 2B) suggest that conformational changes,
which cannot be observed with the coarse-grained model, may be coupled to membrane
binding. Indeed, closer inspection of the all-atom simulations indicates that interactions
with the membrane promote initial widening of the entrance to CPTP’s hydrophobic cavity.
Helix a2, which partially gates the entrance to the hydrophobic cavity (Fig 1A), is rotated
outward in membrane-bound structures of both the apo and C1P-bound forms compared
to their respective solution-phase structures (Fig 3). We quantify this conformational
change by the polar angle 8,, of helix a2 in a coordinate system defined by the membrane
surface (Fig 3B). In order to calculate 0,, for both solution-phase and membrane-bound
structures, we use the plane that contains the top surface of helix a6 to approximate the
plane of the membrane surface. We use helix a6 as an internal reference since helix 6 is
approximately parallel to the membrane surface when CPTP is membrane bound (Fig 2A)
and has a rather rigid structure (S3 and S4 Figs). A decrease in 0,, indicates opening of the
gate created by helix o2. When C1P is bound, CPTP’s cavity is expanded and the gate wid-
ened (highlighted by orange arrows in Fig 3A), resulting in decreased 0,, compared to the
apo form (Fig 3C). As shown in Fig 3C, membrane-bound structures of CPTP have reduced
0., on average, corresponding to more open gates compared to their respective solution-
phase structures. We draw similar conclusions from principal component analysis of
CPTP’s structural ensemble (S1 Text, Note A): Membrane-bound structures have more
open helix a2 gates and wider clefts into CPTP’s hydrophobic cavity. By locking down the
gate created by helix a2 when in solution, the hydrophobic cavity, and any lipid inside,
remains sealed off from solvent. Initial widening of the entrance to the hydrophobic cavity
upon membrane binding (highlighted by gray arrows in Fig 3A) helps ready CPTP to
extract or insert C1P.

Both the apo and C1P-bound forms of CPTP bind the membrane in the same overall pose
and exhibit conformational changes of similar magnitude upon binding; however, such con-
formational changes enable the apo form to insert more deeply into the membrane’s hydro-
phobic core (Fig 2). In the apo form, a slight widening of the entrance to the hydrophobic
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Fig 2. Both apo and C1P-bound forms of CPTP bind a membrane poised to extract or insert C1P. (A) Average insertion depth of each residue
measured relative to the average position of lipid phosphate groups (black line) from coarse-grained (CG) and all-atom (AA) simulations. The gray
region highlights the location of the membrane’s hydrophobic core. CPTP’s secondary structure is schematically illustrated above with helices
represented as rectangles and unstructured loop regions as lines. (B and C) Representative configurations of the (B) apo form and (C) C1P-bound
form of CPTP bound to a POPC membrane for both coarse-grained and all-atom representations. The entrance to CPTP’s hydrophobic cavity is
indicated with an orange arrow. C1P is rendered as van der Waals spheres and colored orange.

https://doi.org/10.1371/journal.pchi.1010992.g002

cavity brings helix a2 closer to the membrane surface. As a result, energetically favorable inter-
actions between residues on helix a2 and the membrane are present in the apo form but not
the C1P-bound form (Fig 4). In particular, two positively charged residues, R62 and R66, form
significantly favorable electrostatic interactions with the membrane and anchor CPTP in its
apo but not C1P-bound form. By anchoring helix a2 to the membrane, such favorable interac-
tions may modulate opening of the entrance to CPTP’s hydrophobic cavity in the apo form.
Complete opening of the gate created by helix a2 to accommodate C1P inside CPTP’s hydro-
phobic cavity breaks these favorable electrostatic interactions with the membrane.

CPTP alters the membrane’s physical properties to facilitate C1P
extraction

When bound to the membrane, CPTP also influences the molecular structure and physical
properties of the membrane. Previous simulations suggested that helix a6, in particular, can
promote lipid reorientation into configurations apt for tail-first uptake by CPTP: By orienting
lipids parallel with the membrane surface, the terminal carbons of their hydrophobic tails are
positioned at the membrane surface and pointing into CPTP’s hydrophobic cavity [27].
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Fig 3. Conformational changes that promote the opening of gating helix 2 are coupled to membrane binding. (A) Orientation of helix
a2 relative to helix 6 is highlighted on representative structures of both the apo and C1P-bound forms in both solution and bound to the
membrane. Both helices are outlined by a gray cylinder. C1P is rendered as van der Waals spheres and colored orange. Orange arrows
indicate gate opening upon C1P-binding to CPTP, and gray arrows indicate gate opening upon membrane binding. (B) Definition of angle
used to characterize gate opening. A coordinate system is defined by the plane containing helix a6, which nearly corresponds to the location
of the membrane-solvent interface when CPTP is membrane bound. 6, is the polar angle of helix 2. (C) Distributions of 6,, from all-atom
simulations of the apo and C1P-bound forms of CPTP both in solution and bound to the membrane.

https://doi.org/10.1371/journal.pcbi.1010992.9003

Consistent with this idea, we find that the hydrophobic tails of lipids in close proximity to
CPTP are oriented more parallel to the membrane surface than expected for a POPC mem-
brane without CPTP bound (Fig 5). Lipid reorientation is roughly coupled to decreased lipid
order (S5A and S5B Fig) and membrane thickness (S5C and S5D Fig). Furthermore, we find
that not only helix a6, as suggested previously [27], but also the N-terminus of helix a2 can
promote lipid reorientation (S6A Fig). In its apo form, CPTP promotes increased lipid reori-
entation necessary for C1P uptake. Around the C1P-bound form of CPTP, reorientation of
membrane lipids may enable the formation of initial hydrophobic contacts between C1P and
the membrane, helping to guide C1P from CPTP’s hydrophobic cavity into the membrane. In
fact, lipids in proximity to the C1P-bound form are typically oriented more parallel to the
membrane surface and more disordered than those around the apo form (Fig 5B and 5C, S5A
and S5B Fig). We attribute this to differences in the conformations of the C1P-bound and apo
forms (Figs 2 and 3 and S1 Text, Note A) that facilitate different types of interactions with
membrane lipids. For example, in the C1P-bound form, helix /5, which stacks roughly on top
of helix a6, is positioned such that nearby lipids exhibit increased reorientation and disorder
compared to lipids in a POPC membrane without CPTP bound (S6A and S6B Fig). In con-
trast, lipids in proximity to helix a5 of the apo form are oriented slightly more perpendicular
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Fig 5. CPTP reorients nearby lipids in the membrane. (A) Lipid orientation is characterized by the angle 6, each lipid tail makes with the z axis,
which is normal to the membrane surface. (B) Average cos(6,) of membrane lipids as a function of a lipid’s displacement in the xy plane from
CPTP. Color scale is set relative to (cos(6,)) mem for a POPC membrane without CPTP present (white). Structures of the apo and C1P-bound
forms of CPTP bound to the membrane are outlined. (C) Box-and-whisker plots of cos(6,) for lipids within a specified radial distance from
CPTP’s center-of-mass in the xy plane and for lipids in a POPC membrane without CPTP bound. The box extends from the 1st to 3rd quartile
with the median indicated by the black line, and the whiskers extend from the minimum to maximum value. Asterisks indicate the average differs
significantly from that of a POPC membrane: ** p < 0.001; * p < 0.01 (Welch’s t-test).

https://doi.org/10.1371/journal.pcbi.1010992.9005
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to the membrane surface and increasingly ordered (S6A and S6B Fig). A decrease in mem-
brane order may, thus, greatly ease C1P insertion into a membrane.

A membrane property that is especially key to lipid transport is the hydrophobicity of a lip-
id’s local membrane environment. We previously demonstrated that the activation free energy
for passive lipid transport correlates with the average number of hydrophobic contacts a lipid
makes with surrounding membrane lipids, (#cc)mem (Fig 6A) [26]. As (ncc) mem decreases,
the rate of passive lipid desorption from a membrane increases [26]. We find that CPTP signif-
icantly reduces the number of hydrophobic contacts that nearby lipids make with other mem-
brane lipids, and the apo form results in a greater disruption of a lipid’s local hydrophobic
environment than the C1P-bound form. As shown in Fig 6B, a minimal (ncc)mem of 1,650
contacts (69% of the contacts formed on average between lipids in a membrane without CPTP
bound) is observed near the entrance to the apo form’s hydrophobic cavity, whereas the mini-
mal (ncc) mem around the C1P-bound form is 2,100 (88% of the contacts formed on average
without CPTP bound). Fig 6C plots distributions of #cc for membrane lipids as a function of
radial distance from CPTP. Although radial averaging obscures geometric and anisotropic fea-
tures evident in Fig 6B, the analysis in Fig 6C indicates that lipids within 5 A of the apo form’s
binding location make an average of 300 fewer hydrophobic contacts than lipids in a mem-
brane without CPTP bound (p = 2.6 x 10~%, Welch’s t-test), whereas lipids within 5 A of the
C1P-bound form make an average of 250 fewer hydrophobic contacts (p = 4.9 x 1077, Welch’s
t-test). Based on the relationship between (rcc)mem and the free energy barrier for passive
lipid desorption provided in [26], this reduction in {#1¢c)mem for lipids within 5 A of the apo
form corresponds to an expected decrease in the free energy barrier of 2 kcal/mol. Thus, CPTP
may reduce the barrier for hydrophobic C1P-membrane contact breakage, which limits the
rate of passive lipid transport [25, 26].

In general, decreases in (ficc)mem can arise from looser lipid packing, decreased membrane
order, and membrane thinning [26]. We find that lipids around the apo form, exhibit
decreased (ncc)mem largely due to looser lipid packing, as quantified by the area per lipid (S5E
and S5F Fig), as opposed to membrane thinning or decreased membrane order (S5A-S5D
Fig). Lipids with the largest reduction in ncc and increase in occupied area are proximal to
helices a1, a2, a5, and a6 (S6C and S6D Fig). Hydrophobic residues on these helices can
wedge themselves between lipid tails and, thereby, engage in hydrophobic lipid-protein con-
tacts and alter lipid packing. In particular, residues F50 and F52 on helix a2 and W152 on
helix a6 each engage in more than 200 hydrophobic lipid-protein contacts on average (Fig
6D). Indeed, these residues favorably interact with the membrane (Fig 4), to a large extent
through van der Waals interactions. The thermodynamic cost of broken hydrophobic lipid-
membrane contacts is thus mitigated by the formation of favorable lipid-protein interactions.
Lipids with a reduced number of hydrophobic lipid-lipid contacts often from a compensatory
number of hydrophobic contacts with CPTP; Fig 6E and 6F and S7 Fig show examples of such
lipids. Because the apo form of CPTP binds deeper into the membrane (Fig 2), it forms more
hydrophobic lipid-protein contacts than the C1P-bound form (Fig 6D) and breaks more
hydrophobic lipid-membrane contacts (Fig 6B and 6C).

CPTP rapidly extracts C1P by lowering the free energy barrier for breaking
hydrophobic C1P-membrane contacts

To determine if CPTP lowers the activation free energy barrier for passive C1P desorption
from a membrane, AF [25, 26], as hypothesized in the previous section, we performed all-
atom free energy calculations for systems both with and without CPTP. AF, is obtained from
the free energy profile AF(rs) as a function of the reaction coordinate [32-34] for passive
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Fig 6. The apo form of CPTP significantly disrupts the local hydrophobic membrane environment of lipids below. (A) A lipid’s hydrophobic
environment is characterized by the number of hydrophobic carbon-carbon contacts it makes with surrounding lipids, ncc. (B) Average ncc of
membrane lipids as a function of a lipid’s displacement in the xy plane from CPTP. Color scale is set relative to (ncc)mem for a POPC membrane
without CPTP present (white). Structures of the apo and C1P-bound forms of CPTP bound to the membrane are outlined. (C) Box-and-whisker
plots of nc for lipids within a specified radial distance from CPTP’s center-of-mass in the xy plane and for lipids in a POPC membrane without
CPTP bound. The box extends from the 1st to 3rd quartile with the median indicated by the black line, and the whiskers extend from the
minimum to maximum value. Asterisks indicate the average differs significantly from that of a POPC membrane: ** p < 0.001; * p < 0.01 (Welch’s
t-test). (D) Average number of hydrophobic contacts each residue of CPTP makes with membrane lipids, (n8 ). CPTP’s secondary structure is
schematically illustrated above with helices represented as rectangles and unstructured loop regions as lines. (E and F) (n% ") mapped onto the
structures of the (E) apo and (F) C1P-bound forms. Residues with (") > 200 are labeled. Example configurations of lipids with (1) a
reduction in n¢c of > 300 contacts relative to (1cc) mem of @ POPC membrane without CPTP bound and (2) > 90% of those contacts replaced with
hydrophobic contacts with CPTP are shown. Additional examples are shown in S7 Fig. The black line indicates the average position of phosphate
groups of membrane lipids.

https://doi.org/10.1371/journal.pcbi.1010992.9006
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lipid (L) transport via solvent (xS), r14s, defined in [26] and Eq 1 in the Methods. ;g measures
hydrophobic lipid-membrane interactions and monitors progress from configurations

with CIP in the membrane (which exhibit many hydrophobic C1P-membrane contacts

and large positive values of rys) to configurations with C1P outside the membrane (which
lack hydrophobic C1P-membrane contacts and have negative values of ry4s). AFges is

the largest free energy barrier along AF(rs) separating these two states (more precisely,

AF, = max AF(r,) after setting AF(r14s) = 0 at the global free energy minimum) [26].

—2<r14g<3

However, because ry s only monitors C1P-membrane interactions, 1 xs alone cannot reli-
ably identify if C1P is taken up by CPTP. So, for the system containing CPTP, we first calculate
a 2D free energy surface, AF(r1,s, Q), as a function of 71 s and a second order parameter Q that
monitors C1P-CPTP interactions. More specifically, Q is the fraction of contacts C1P makes
with CPTP when fully inside its hydrophobic cavity, including (a) hydrophobic contacts
between C1P and residues lining CPTP’s cavity and (b) polar contacts between C1P’s head-
group and sphingoid backbone and residues responsible for C1P recognition. (A triad of cat-
ionic residues located within a positively-charged surface pocket at the entrance to the
hydrophobic cavity engages C1P’s phosphate headgroup, and a bifurcated hydrogen bond rec-
ognizes C1P’s acyl-amide moiety [16].) Q distinguishes configurations with C1P outside CPTP
(Q = 0) from configurations with C1P fully housed within CPTP (Q > 0.8) (S1 Text, Note B),
and is calculated using the functional form developed to calculate the fraction of native protein
contacts [35] and defined in Eq 4 in the Methods. We then numerically integrate AF(r14s, Q)
over Q to obtain the free energy profile AF(r ys) and determine AF,.; in the presence of CPTP.
To efficiently calculate AF(ry s, Q), we performed multi-walker [36] well-tempered metady-
namics simulations [37] biasing r1,s and Q to enhance the sampling of C1P-membrane and
C1P-CPTP interactions, respectively. Initiating walkers from both apo and C1P-bound forms
of CPTP bound to the membrane further facilitated sampling of both forward and reverse
transitions between configurations with C1P in the membrane and configurations with C1P
inside CPTP, and convergence was obtained after 500 ns (cumulatively 10 us) (S8 Fig).

Results of the free energy calculations are shown in Fig 7. At the global free energy mini-
mum of AF(ry4s, Q) (outlined in cyan in Fig 7A), CIP resides in the membrane where it makes
many hydrophobic contacts with surrounding membrane lipids but does not substantially
interact with CPTP. An example of a configuration found within the global free energy mini-
mum is shown in Fig 7C1. At the second most favorable minimum of AF(ry s, Q) (outlined in
magenta in Fig 7A), C1P resides within CPTP’s hydrophobic cavity but does not form hydro-
phobic contacts with membrane lipids. An example of a configuration found at this local mini-
mum is shown in Fig 7C12. The free energy surface AF(rs, Q) is consistent with CPTP’s
observed function as a C1P transporter: CPTP serves as a free energetically favorable vehicle
for C1P transport between even more favorable states in which C1P is part of a membrane.

Fig 7B shows AF(r1xs) both in the presence and absence of CPTP. The free energy profiles
match at large values of 1,5 as expected—being a catalyst, CPTP does not alter the relative
probability of configurations within the global free energy minimum around ry,s = 11.8. Pas-
sive C1P transport has a rate-limiting activation free energy barrier of AF,.s = 15.46 + 0.08
kcal/mol at r1 s =~ 0. When CPTP is present, AFg.s = 13.0 0.2 kcal/mol, and the barrier is
located at slightly larger values of ry 5. CPTP lowers AF . by 2.5 £ 0.2 kcal/mol, in agreement
with the value predicted in the previous section based on the average reduction in (#cc)mem
caused by the apo form. By disrupting C1P’s local hydrophobic environment in the membrane
(Fig 6), CPTP lowers the free energy barrier for hydrophobic lipid-membrane contact break-
age and, thus, catalyzes lipid extraction. Because CPTP provides C1P with another favorable
hydrophobic environment, C1P enters CPTP’s hydrophobic cavity after fewer hydrophobic
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Fig 7. CPTP lowers the free energy barrier for hydrophobic C1P-membrane contact breakage. (A) Free energy surface AF(r s, Q). Error is
shown in S9 Fig. (B) Free energy profile AF(r,s) for CPTP-mediated C1P extraction and passive C1P desorption. For CPTP-mediated extraction,
AF(r14s) is obtained by marginalizing AF(rs, Q) over Q, and error bars indicate standard error computed with block averaging. (AF(Q) obtained
analogously is shown in S10 Fig) For passive C1P desorption, AF(rys) is computed with umbrella sampling simulations, convergence is
demonstrated in S11 Fig, and the error is comparable to the line width. (C) Example configurations from different regions of the free energy
surface outlined in (A). C1P is rendered as van der Waals spheres and colored orange. The apo form of CPTP in configuration 1 is colored dark
cyan, and the C1P-bound form in configuration 12 is colored dark magenta. The black line indicates the average position of phosphate groups of
membrane lipids. Corresponding views looking into the hydrophobic cavity are shown in S12 Fig.

https://doi.org/10.1371/journal.pcbi.1010992.9007

contacts with the membrane have been broken than as required for C1P desorption into sol-
vent, which offers no favorable hydrophobic environment. As a result, the free energy barrier
AF 45 occurs at slightly larger values of 11,5 when CPTP is present. Indeed, as illustrated by an
example configuration near this free energy barrier in Fig 7C5, C1P maintains hydrophobic
contacts with the membrane while also forming contacts with CPTP.

The free energy calculations (Fig 7) suggest that C1P entry into CPTP’s hydrophobic cavity
may require passage through multiple metastable intermediates. Configurations representative
of potential intermediates are shown in Fig 7C. Configurations 2 and 3 shown in Fig 7C illus-
trate how interactions with helices a6 and a2 can position C1P for tail-first entry into CPTP’s
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hydrophobic cavity. Based on the observation of two C1P-binding modes in crystal structures,
C1P entry and exit have been suggested to occur through a two-step mechanism whereby the
acyl chain enters into the cavity before the sphingosine during entry and leaves after the sphin-
gosine during exit [16]. Consistent with this, we observe configurations with one tail of C1P
inside CPTP’s hydrophobic cavity and the other still within the membrane (configurations 4
and 5 in Fig 7C). We do not observe a preference for one tail over the other to be housed
within the cavity. For example, the acyl chain is found in the cavity in configurations 5 and 6
shown in Fig 7C, whereas the sphingosine chain is found in the cavity in configurations 2, 4,
and 8. Nevertheless, our findings support a two-step mechanism whereby each tail of C1P
enters into and exits from CPTP’s hydrophobic cavity individually. Once C1P has fully broken
hydrophobic contacts with the membrane, it can adopt various configurations inside CPTP’s
hydrophobic cavity as illustrated by configurations 9-12 in Fig 7C. Collectively, the intermedi-
ates observed in our simulation suggest that CPTP may extract C1P through multiple, molecu-
larly diverse mechanisms.

Discussion

Cytosolic shuttle-like lipid transfer proteins enable rapid alteration of membrane compositions
through trafficking of individual lipids [10-14]. Yet, how they swiftly extract individual lipids
from a membrane remains an outstanding question. Our recent discovery that the rate of pas-
sive lipid transport is limited by the disruption of a lipid’s local hydrophobic environment [25,
26] suggests that lipid transfer proteins may catalyze lipid extraction by lowering the free
energy barrier for hydrophobic lipid-membrane contact breakage. Here, we tested this
hypothesis for the specific case of CPTP-mediated transport of the bioactive sphingolipid C1P.
To do so, we devised a consecutive multiscale simulation scheme tailored to studying lipid
transport via lipid transfer proteins: We used coarse-grained MD simulations to observe multi-
ple spontaneous membrane binding events, which occur over microsecond timescales, and
then used all-atom MD simulations to resolve key conformational changes that facilitate C1P
uptake and to quantify CPTP’s ability to catalyze C1P extraction from a membrane. Such con-
secutive multiscale schemes are ideal for studying process whose elementary steps occur at var-
ied time and length scales, such as lipid transfer cycles. Indeed, a similar approach was recently
used to investigate influenza hemagglutinin driven membrane fusion [38], a process related to
vesicular lipid transport [12, 39].

Based on our simulations, we propose a molecular mechanism for how CPTP functions as a
cytosolic C1P shuttle that is consistent with the previously suggested cleft-like gating mecha-
nism [16]: To initiate a transfer event, the apo form of CPTP, whose collapsed hydrophobic
cavity is closed off to C1P entry, binds a donor membrane. Interactions between the mem-
brane and helix a6 in addition to gating helix a2 anchor CPTP deeply into the membrane and
aptly position the entrance to its hydrophobic cavity at the membrane-solvent interface.
Strong electrostatic interactions between positively charged residues on gating helix a2 may
specifically facilitate cleft widening and gate opening. Poised for C1P entry into its hydropho-
bic cavity, CPTP disrupts C1P’s local hydrophobic membrane environment by engaging in
hydrophobic lipid-protein contacts. This lowers the free energy barrier for passive C1P
desorption from the membrane and enables CPTP to catalyze C1P extraction. Additionally,
interactions between C1P and residues on helices o2 and a6 orient C1P for tail-first uptake
into CPTP’s hydrophobic cavity. Entry proceeds through a two-step mechanism in which one
tail of C1P enters prior to the other. Complete uptake of C1P into CPTP’s hydrophobic cavity
further opens gating helix a2. Such conformational changes may help break strong electro-
static interactions with the membrane that had previously anchored the apo form and, thus,
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potentially facilitate membrane unbinding. Having extracted C1P from a donor membrane,
CPTP then inserts C1P into an acceptor membrane, a free energetically downhill event, to
complete a transfer cycle.

Based on the reduction in the free energy barrier for hydrophobic lipid-membrane contact
breakage calculated in our simulations, we estimate that CPTP-mediated extraction of C1P is
roughly two orders-of-magnitude faster than passive C1P desorption. In in vitro lipid transfer
assays, CPTP transfers approximately 4 C1P molecules per minute [16, 19, 20]. While the rate
of passive C1P transport is expected to be at least two orders-of-magnitude slower [19-24], to
our knowledge, it has not yet been measured experimentally, hindering a quantitative compar-
ison between our simulations and experiment. As determined in our previous studies [25, 26],
both simulation and experiment yield the same values for changes in the activation barrier for
passive lipid transport, for example due to differences in membrane physicochemical proper-
ties, even though the absolute barrier height is severely underestimated in simulation. This
suggests that simulations provide accurate physical insights into lipid transport but lack quan-
titative accuracy, for example, due to limitations in additive force fields [40-42]. Therefore,
while the reduction in the free energy barrier for hydrophobic contact breakage by CPTP cal-
culated in our simulations may prove to match experimental values, the absolute barrier
heights reported herein will almost certainly differ from experimental ones.

Nevertheless, the mechanism proposed herein offers new insights into the role of hydro-
phobic residues that are conserved between CPTP and the Arabidopsis C1P transfer protein,
ACD11 [43], and shared with other members of the GLTP family [18, 28-30]. We identify
F50, F52, and W152 as important for enhancing CIP extraction from the membrane: By form-
ing hydrophobic contacts with lipid tails, these residues create a wedge between lipids and
break hydrophobic lipid-membrane contacts. Of these residues, F50 and W152 engage in the
largest number of hydrophobic lipid-protein interactions, a potential biophysical reason for
their high conservation among GLTP family members [18, 28-30, 43]. In ACD11, phenylala-
nine residues analogous to F50 and F52 on helix a2 of CPTP serve as “portal gates” that swing
open to allow CIP entry into it’s hydrophobic cavity [43]. Our results suggest that swinging
open of these “portal gates” not only allows for C1P entry but, in fact, facilitates it by disrupting
C1P’s local hydrophobic environment in the membrane. In this way, helix a2 plays dual roles
as hydrophobic cavity gate and membrane disruptor.

Our proposed mechanism also offers new hypotheses for how certain anionic lipids may
enhance C1P transfer by CPTP. Including PS, PI(4,5)P,, or PI4P, but not other anionic lipids,
in donor membranes has been shown to enhance C1P transport in in vitro assays [19, 20].
Through specific interactions with CPTP’s helix a6 and a3-a4 loop, these lipids help position
the entrance to CPTP’s hydrophobic cavity at the membrane surface and regulate its activity
[19, 20, 27]. We hypothesize that PS, PI1(4,5)P,, and PI4P may also interact with arginine and
lysine residues on helix a2 when CPTP is bound to the membrane in its apo form. Compared
to other anionic lipids, PS, PI(4,5)P,, and PI4P have larger headgroups with terminal acidic
groups that may allow them to interact with these basic residues on helix a2, which are located
farther above the membrane surface than residues on helix 6. Such interactions may facilitate
binding of the apo form to the membrane and also promote opening of gating helix a2 and
widening of CPTP’s hydrophobic cavity as necessary for C1P uptake. Systematically varying
membrane composition in simulations using the multiscale approach presented here offers an
avenue to test these hypotheses. Such studies are key to ultimately understanding how complex
cell membrane compositions [44-46] impact CPTP-mediated C1P transfer and how CPTP
maintains net flow of C1P from the Golgi to plasma membrane [16].

Our proposed mechanism for C1P transfer via CPTP additionally shares biophysical fea-
tures with mechanisms of other cytosolic shuttle-like lipid transfer proteins, despite differences

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1010992  April 10, 2023 14/28


https://doi.org/10.1371/journal.pcbi.1010992

PLOS COMPUTATIONAL BIOLOGY Catalytic mechanism of CPTP-mediated lipid transport

in their structures and lipid specificities. For example, members of the StARKkin (relatives (kin)
of steroidogenic acute regulatory protein (StAR)) superfamily, which have a-f topologies and
bind phospholipids in the opposite orientation to CPTP (head-first versus tail-first) [14, 47],
also undergo conformational changes upon membrane binding that facilitate opening of their
hydrophobic cavities [48-52]. Lipid transfer proteins in the Sec14 and oxysterol-binding pro-
tein (OSBP)-related protein (ORP) families, which have well-defined lids to their hydrophobic
cavities and bind phospholipids tail-first [14, 47], similarly exhibit conformational changes
upon membrane binding that displace the lids to their hydrophobic cavities as required

for lipid uptake [53-55]. Thus, our results add to the growing evidence that lipid transfer pro-
teins couple conformational changes to membrane binding to regulate lipid uptake and
release.

Electrostatic interactions between basic protein residues and anionic lipids can promote the
aforementioned conformational changes and aid lipid uptake [49, 53, 54]. Similarly, we iden-
tify a potential role for electrostatic interactions in facilitating opening of CPTP’s gating helix
a2. Complete opening of this gate to accommodate C1P inside CPTP’s hydrophobic cavity
breaks these favorable electrostatic interactions. We suggest this may enable membrane
unbinding in a manner reminiscent of the electrostatic switching mechanism used by Osh6p, a
member of the ORP family that has a well-defined lid to its hydrophobic cavity [55]. Such
switching mechanisms, in which a lipid transfer protein’s membrane affinity depends on lipid
occupancy, enable efficient transfer cycles by ensuring membrane binding is transient [55, 56].

Significantly, we demonstrate how CPTP enhances C1P extraction by breaking hydropho-
bic C1P-membrane contacts and lowering the activation free energy barrier for passive lipid
desorption. To our knowledge, this offers the first molecular evidence that a lipid transfer pro-
tein catalyzes lipid extraction from a membrane. Because the catalytic mechanism described
here is closely related to that of passive lipid transport [25, 26], we suspect this biophysical
mechanism may be generally used by lipid transfer proteins, not just CPTP, to increase the
rate of lipid transport between cell membranes. For example, the sterol transfer protein StarD4
has been shown to deform donor membranes [57], as one would expect for a protein that cata-
lyzes lipid extraction by disrupting a lipid’s local hydrophobic environment [26]. Nevertheless,
we expect the precise molecular details to vary from protein to protein. Our multiscale simula-
tion approach provides a framework to test this general hypothesis and illuminate the variety
of molecular mechanisms employed by lipid transfer proteins to alter a lipid’s membrane envi-
ronment and catalyze its extraction. Doing so will advance our understanding of how lipid
transfer proteins rapidly traffic lipids to ensure membrane homeostasis.

Methods
Molecular dynamics simulations

We performed molecular dynamics simulations of CPTP both in solution and in the presence
of a POPC membrane at both all-atom and coarse-grained resolutions using GROMACS 2019
[58]. Simulations were conducted in 150 nM NaCl solutions, matching the conditions used in
in vitro experiments of C1P transfer by CPTP [16, 19, 20]. The CHARMM36 force field [59] in
combination with the CHARMM TIP3P water model [60] was used for the all-atom simula-
tions. CHARMMS36 force field parameters developed for sphingolipids [61] were used for C1P
with a saturated acyl chain of 16 carbons (16:0-C1P). The MARTINI 2.3P force field [62] in
combination with polarizable MARTINI water model [63] was used for all coarse-grained sim-
ulations since it accurately reproduces the binding poses of peripheral membrane proteins
[62]. An EINeDyn elastic network [64] with harmonic springs connecting all backbone beads
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within 0.9 nm of each other and a spring constant of 500 kJ/mol/nm® was used to maintain the
overall shape of CPTP in its apo and C1P-bound forms. Parameters for 16:0-C1P were chosen
according to the standard MARTINI 2.0 lipid definitions and building block rules [65].

All-atom solution-phase simulations. The crystal structure of CPTP provided in PDB
4K85 [16] was used to initialize all-atom simulations since it has the most residues fully
resolved out of all structures of CPTP with C1P fully bound. The first six N-terminal residues
that were not resolved in PDB 4K85 were built using MODELLER [66, 67]. To investigate the
transfer of CPTP’s most likely in vivo substrate, the structure of 16:0-C1P fully bound inside
CPTP provided in PDB 4K84 was aligned onto the structure of C1P with a saturated acyl chain
of 12 carbons (12:0-C1P) present in PDB 4K85 to generate an initial configuration of CPTP in
its C1P-bound form. CIP was removed from this structure to generate an initial configuration
of the apo form. Both initial structures of the apo and C1P-bound forms were solvated in tri-
clinic boxes of pre-equilibrated water molecules with dimensions chosen such that the mini-
mum distance between any protein atom and the box walls was at least 2 nm. Sodium and
chloride ions were added to achieve a salt concentration of 150 mM and to fully neutralize
each system. Both systems were then energy minimized using the steepest descent algorithm
and equilibrated using a three-step protocol: (1) a 200 ps simulation in an isothermal-isocho-
ric (NVT) ensemble with the positions of CPTP’s heavy atoms restrained by harmonic poten-
tials with a force constant of 1000 kJ/mol/nm? to equilibrate the solvent molecules and adjust
the system density; (2) a 200 ps simulation in an isothermal-isobaric (NPT) ensemble using
the Berendsen barostat [68] to maintain the pressure with isotropic pressure coupling and a
coupling time constant of 2 ps; and (3) a 200 ps simulation in an NPT ensemble using the Pari-
nello-Rahman barostat [69] with a coupling time constant of 5 ps. Subsequently, production
simulations in an NPT ensemble were run for 300 ns using the parameters given below. The
final 200 ns of each of these simulations was analyzed to characterize the solution-phase struc-
ture of the apo and C1P-bound forms of CPTP. The final configurations from these simula-
tions were used to initialize simulations with a POPC bilayer present.

Coarse-grained simulations of CPTP in the presence of a membrane. Coarse-grained
bilayers of 264 lipids surrounded by 3.2 nm slabs of solvent were built using INSANE [70] for
simulations of CPTP in the presence of a membrane. For simulations of the apo form, the
bilayer consisted of 262 POPC lipids and two 16:0-C1P lipids, one in each leaflet. For simula-
tions of the C1P-bound form, the bilayer consisted of 264 POPC lipids. Prior to the addition of
CPTP into the solvent surrounding the bilayer, the structures of both bilayers were fully
relaxed from their initial lattice configurations. This involved an energy minimization using
the steepest descent algorithm followed by equilibration using a two-step protocol: (1) a 500 ps
simulation using a 10 fs time step and the Berendsen barostat [68] with semi-isotropic pressure
coupling and a coupling time constant of 3 ps; and (2) a 1 ns simulation using a 20 ps time step
and the Parinello-Rahman barostat [69] with a coupling time constant of 12 ps. Subsequently,
a 50 ns production run was performed to obtain bilayer structures that were used to construct
initial configurations of CPTP in the presence of a membrane.

The martinize.py script [71] was used to construct coarse-grained protein topologies and
structures based on the final configurations of the apo and C1P-bound forms of CPTP
obtained from all-atom solution-phase simulations. Both coarse-grained structures were then
fully equilibrated in solution through an energy minimization and a three-step protocol: (1) a
500 ps simulation in an NVT ensemble using a 10 fs time step and with the positions of
CPTP’s backbone beads restrained by harmonic potentials with a force constant of 1000 kJ/
mol/nm? to equilibrate solvent molecules and adjust the system density; (2) a 500 ps simula-
tion in an NPT ensemble using a 20 fs time step and the Berendsen barostat [68] with isotropic
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pressure coupling and a coupling time constant of 3 ps; and (3) a 500 ps simulation using a 20
fs time step and the Parinello-Rahman barostat [69] with a coupling time constant of 12 ps.
Subsequently, 300 ns production runs were performed to obtain structures of CPTP used to
initialize simulations that probe membrane binding.

For simulations of both forms of CPTP in the presence of a membrane, four different initial
coarse-grained configurations were built by inserting a structure of CPTP sampled during the
last 100 ns of the coarse-grained solution-phase simulation in a random location and orienta-
tion in the solvent around the equilibrated bilayer such that the minimum distance between
any atom of CPTP and the membrane was 6 A. Each replicate was then energy minimized and
equilibrated using a three-step protocol: (1) a 500 ps simulation in an NVT ensemble using a
10 fs time step and with the positions of CPTP’s backbone beads restrained by harmonic
potentials with a force constant of 1000 kJ/mol/nm? to equilibrate solvent molecules and adjust
the system density; (2) a 500 ps simulation in an NPT ensemble using a 20 fs time step and the
Berendsen barostat [68] with semi-isotropic pressure coupling and a coupling time constant of
3 ps; and (3) a 1 ns simulation using a 20 fs time step and the Parinello-Rahman barostat [69]
with a coupling time constant of 12 ps. During production runs of 2 ys, CPTP spontaneously
bound to the membrane in all but one replicate of the apo form (S2 Fig), which was excluded
from analysis of CPTP’s membrane binding pose in coarse-grained simulations.

All-atom simulations of CPTP bound to a membrane. Membrane-bound coarse-
grained configurations of the apo and C1P-bound forms of CPTP were then backmapped into
all-atom representations using the backward method [72]. The systems then underwent a
three-step equilibration using the same protocol as used for the all-atom solution-phase simu-
lations but with semi-isotropic pressure coupling. Subsequently, 300 ns production runs were
performed. The final 200 ns from each of these runs was used to analyze all-atom configura-
tions of CPTP bound to a membrane.

All-atom production simulation parameters. All simulations were performed in an NPT
ensemble at a pressure of 1 bar and temperature of 310 K. Separate Nosé-Hoover thermostats
[73, 74] were used for the solvent and solute molecules. The pressure was maintained using the
Parinello-Rahman barostat [69] with a compressibility of 4.5 x 107> bar~* and coupling time
constant of 1 ps. Isotropic pressure coupling was used in solution-phase simulations, and
semi-isotropic coupling was used in simulations with a bilayer. Dynamics were evolved using
the leapfrog algorithm [75] and a 2 fs time step. All bonds to hydrogen were constrained using
the LINCS algorithm [76]. Lennard-Jones forces were smoothly switched off between 0.8 and
1.2 nm. Real-space Coulomb interactions were truncated at 1.2 nm, and long-ranged Coulomb
interactions were calculated using Particle Mesh Ewald (PME) summation [77]. Neighbor lists
were constructed using the Verlet list cut-off scheme [78].

Coarse-grained production simulation parameters. All simulations were performed in
an NPT ensemble at a pressure of 1 bar and temperature of 310 K. To avoid the “hot solvent-
cold solute” problem [79], separate V-rescale thermostats [80] were used for the solvent and
solute molecules. The pressure was maintained using the Parinello-Rahman barostat [69] with
a compressibility of 3 x 107* bar™' and coupling time constant of 12 ps. Isotropic pressure cou-
pling was used in solution-phase simulations, and semi-isotropic coupling was used in simula-
tions with a bilayer. Dynamics were evolved using the leapfrog algorithm [75] and a 20 fs
time step. Lennard-Jones and Coulomb interactions were truncated at 1.1 nm, and long-ran-
ged Coulomb interactions were calculated using PME summation [77]. A relative dielectric
constant of 2.5 was used. Neighbor lists were constructed using the Verlet list cut-off
scheme [78].
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Analysis of CPTP’s structure and interactions with the membrane

We analyzed the structure of apo and C1P-bound forms of CPTP both in solution and bound
to a membrane. Analysis was performed using a combination of MDAnalysis [81] and NumPy
[82] Python libraries in addition to GROMACS tools [58] and MDpocket [31].

Hydrophobic cavity volume. We quantified the volume of CPTP’s hydrophobic cavity
using MDpocket [31]. Only protein atoms were considered for this analysis. First, simulation
frames were aligned to a common reference, specifically the Ca atoms of residues 10 — 208 of
the last frame of the solution-phase simulation of the C1P-bound form of C1P. This selection
of residues excludes the flexible, unstructured termini. Then, the region at the interior of
CPTP unoccupied by protein heavy atoms during at least 20% of the solution-phase simulation
of the C1P-bound form was identified for analysis. The volume unoccupied in this region dur-
ing solution-phase simulations of both the apo and C1P-bound forms was used as a measure
of hydrophobic cavity volume.

Insertion depth. The insertion depth of each residue was calculated as the average signed
distance in z, which is the axis normal to the membrane, between the center of mass (COM) of
each residue and the average position of phosphate atoms (beads) in all-atom (coarse-grained)
simulations.

Orientation of gating helix 2. To calculate the angle 8,, (Fig 3B), the Ca atoms of resi-
dues 54 and 65 were used to define the vector along the axis of helix &2, and an internal coordi-
nate system was defined by the plane containing helix a6. The Cor atoms of residues 155, 158,
and 162 were used to define the plane that contains the top surface of helix a6 when CPTP is
membrane bound. 6,, is the polar angle of the a2 vector in this internal coordinate system.

CPTP-membrane interaction energy. The interaction energy between each residue of
CPTP and the membrane, Ecprp_mem> Was calculated as the sum of short-ranged Lennard-
Jones and Coulomb interaction energy terms between each residue and the membrane.

Lipid tail orientation. The orientation of each lipid tail was quantified by the angle 6,
(Fig 5A) between the z axis, which is normal to the membrane surface on average, and the vec-
tor connecting the terminal carbon of each tail to atom C2 for POPC or to atom C2S for C1P.

Number of hydrophobic contacts between lipids. The number of hydrophobic contacts

between lipids, ncc, (Fig 6A) was calculated based on the distances d'. between hydrophobic
carbons of two different lipids, where i labels a particular carbon-carbon (CC) pair. For all-
atom POPC lipids, hydrophobic carbons include atoms C23-C216 and C33-C316. For all-
atom C1P, hydrophobic carbons include atoms C3F-C16F and C5S-C18S. ncc is the number
of CC pairs that satisfy dgé < 1nm.

Number of hydrophobic contacts between CPTP and lipids. The number of hydropho-

bic contacts formed between lipids and protein residues, n\¢ 7", was calculated analogously

to nec. Specifically, n2 P was calculated based on the distances di? P between a hydro-
phobic carbon of a lipid and a hydrophobic carbon of CPTP, where i labels a particular car-
bon-carbon (CC) pair. For all-atom CPTP, hydrophobic carbons include side chain carbons of
Ala, Ile, Leu, Met, Phe, Trp, Val, Pro, and Cys residues. For all-atom lipids, hydrophobic car-

bons are defined as for ncc. e " is the number of lipid—protein CC pairs that satisfy

d(ci’clipfpmt) < 1nm.

Area per lipid. The area per lipid, Aj;p, was estimated as the area of the Voronoi cell con-
taining each lipid calculated with FATSLiM [83] and using the phosphorous atom to define
each lipid’s headgroup position. Because CPTP is only peripherally bound to the membrane,
no protein atoms were taken into account to calculate Ay,
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Membrane thickness. The membrane thickness was calculated as the average distance in
z between the phosphorous atoms of lipids in the top and bottom leaflets.

Lipid acyl chain order parameter. Lipid acyl chain order was characterized by the aver-
age deuterium order parameter of all carbons in a lipid’s tails, Scc, as used to quantify mem-
brane order in Seo et al. [84]. Scc was calculated using LiPyphilic [85].

Significance testing. To determine if average membrane properties in the vicinity of
CPTP differ significantly from those of a POPC membrane without CPTP bound, we obtained
uncorrelated samples from our simulations using the method of Flyvbjerg and Petersen [86],
and used those samples to compute p-values using Welch’s t-test [87].

Free energy calculations

CPTP catalyzed C1P transport. We calculated free energy surfaces along the reaction
coordinate for passive lipid transport, r1,s, and fraction of contacts between C1P and CPTP,
Q. As determined in [25], 14 is a linear combination of two order parameters that measure
hydrophobic lipid-membrane contacts between the transferring lipid and closest membrane

leaflet. Both parameters are based on the collection of distances dg)c between a hydrophobic
carbon of the lipid and a hydrophobic carbon of the membrane, where i labels a particular car-

bon-carbon (CC) pair: (1) min(d,.) = min, d. is the minimum of these CC distances; and
(2) ncc is the number of CC pairs that satisfy dg)c < 1 nm. In detail,

T = 0y min(dee) + oynee + o (1)

with coefficients a; = —2.247 nm ™", o, = 0.004828, and & = 0.6014 such that ;s is a unitless
quantity [26]. During all enhanced sampling simulations, r s was calculated using a differen-
tiable form for min(dcc),

y [log (ZeXP(V/ dé’%))] (2)

1 _ (dg)cr_ do)
> " (3)

g 2
1 [ Gec =%
T

with dy = 1 nm and r, = 0.025 nm. Q is calculated using the functional form developed to cal-
culate the fraction of native protein contacts [35], specifically,

1
Q=5

(i)

with ¥ = 200 nm, and for ncc,

1+exp [/3 (rij - ijo))ﬂ 7 ) (4)

where N is the total number of contact pairs (i, j) between an atom i of C1P and atom j of
CPTP, r;; is the distance between atoms i and j, r§j°> is a reference distance between atoms i and
j, which we take to be the average distance between the atom pair in solution-phase simula-
tions of the C1P-bound form, =50 nm™’, and A = 1.8. Contact pairs used to calculate Q
include: (1) pairs of hydrophobic carbons of C1P and carbons of the residues that line CPTP’s
hydrophobic cavity that have (r;) < 7.8 A during solution-phase simulations of the C1P-

bound form of CPTP (residues 10, 14, 36, 39, 40, 42, 43, 46, 48, 50, 52, 53, 57, 110, 111, 114,
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117,118,121, 122, 146, 150, 153, 154, 158, 162, 165, 171, and 175); and (2) pairs of heavy
atoms of C1P’s headgroup and sphingoid backbone and heavy atoms of the residues responsi-
ble for C1P recognition that have have (r;;) < 5.5 A during solution-phase simulations of the
C1P-bound form (residues 52, 53, 56, 60, 96-102, 106, 110, 113, 114, 146-151, 154, and 214).
Further discussion of the choice of contact pairs used to define Q is provided in S1 Text, Note
B.

We used multi-walker [36] well-tempered metadynamics simulations [37] to calculate the
free energy of CPTP-mediated C1P transport whereas, as described below, we used umbrella
sampling simulations to calculate that of passive C1P transport. Metadynamics simulations
can be more computationally efficient than umbrella sampling simulations [88]—a potential
advantage when calculating free energy profiles for the larger system with CPTP present. Since
both methods yield the same free energy estimates when converged [88], the choice of method
is merely one of computational expense. Using multiple interacting walkers enables further
computational gains through parallelization [36], and has been successfully used to efficiently
simulate, for example, antibiotic translocation across membranes via porins [89]. To perform
the multi-walker well-tempered metadynamics simulation we used the PLUMED 2 patch [90]
for GROMACS. A total of 20 walkers, 10 initialized from all-atom configurations of the apo
form of CPTP bound to the membrane and 10 initialized from all-atom configurations of the
C1P-bound form bound to the membrane, were used. Gaussian hills witho, == 0.1and oq =
0.01 and initial heights of 2.5 k]/mol were added by each walker every 4 ps with a bias factor of
30. To avoid pushing the system into regions with very negative values of 1 s, where C1P is
free in solution far away from either the membrane or CPTP, and at very large positive values
of r1xs, which are unphysical, harmonic wall potentials with a spring constant of 500 kJ/mol
were applied at r; s = —3 and 15. The simulation was run for 560 ns. Then, to facilitate sam-
pling of configurations with C1P inside CPTP by walkers initialized with the apo form, and
vice versa for walkers initialized with the C1P-bound form, moving restraints were applied to
each walker to pull it to (115 = —2.5, Q = 1), if it was initialized from the apo form, and to (r1ys
=12, Q =0), if it was initialized from the C1P-bound form. The moving restraint applied a har-
monic bias on 14 with a spring constant of 75 kJ/mol and a harmonic bias on Q with a spring
constant of 7500 kJ/mol over the course of 20 ns. During this time, no Gaussians were depos-
ited, but the bias due to previously accumulated Gaussians was applied. Subsequently, the
multi-walker well-tempered metadynamics simulation was continued for an additional 560 ns
without the moving restraints. In total, the simulation was run for 1.14 ys (cumulatively 22.8
us). Convergence was obtained after 500 ns (S8 Fig). After discarding the data from the first
500 ns of each walker and from the time period when moving restraints were applied, a 2D
free energy surface AF(rs, Q) and 1D free energy profiles AF(r1,s) and AF(Q) were obtained
using the time-independent free energy estimator of Tiwary and Parrinello [91]. This amounts
to marginalizing AF(r1 s, Q) over one variable to obtain the 1D free energy profiles AF(rys)
and AF(Q). Error bars were calculated as the standard error of the free energy estimated from
two independent 310 ns blocks.

Passive C1P transport. We calculated a free energy profile along ry s for passive transport
of C1P between membranes using umbrella sampling simulations [92] as done in our previous
study [26]. Simulations were performed using two different membrane compositions that
matched the membrane compositions used for simulations with both forms of CPTP. An ini-
tial bilayer of 264 POPC lipids surrounded by 3.2 nm thick slabs of solvent was built using the
CHARMM-GUI Membrane Builder [93, 94]. A lipid in each leaflet was replaced with a
16:0-C1P molecule to construct a second membrane. As in the simulations of CPTP in the
presence of a membrane, sodium and chloride ions were added to achieve a salt concentration
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of 150 mM and to fully neutralize each system. Both membranes were energy minimized and
equilibrated using a two-step protocol: (1) a 250 ps simulation using the Berendsen barostat
[68]; and (2) a 250 ps simulation using the Parinello-Rahman barostat [69]. All production
simulation parameters matched those given above for all-atom simulations of CPTP bound to
a membrane. 300 ns production runs were then performed for each bilayer. The final configu-
ration from the simulation of the membrane composed of both POPC and 16:0-C1P was used
to initialize one enhanced sampling simulation. Another initial configuration was constructed
by (1) inserting a 16:0-C1P lipid randomly into the solution above the POPC membrane such
that its COM was at least 3.2 nm above the COM of the membrane, (2) energy minimizing the
system, and (3) equilibrating it using the two-step protocol used for the membrane only system
with the addition of harmonic restraints with a force constant of 500 kJ/mol/nm? on the z
coordinates of all heavy atoms of 16:0-C1P. Next, to generate configurations to initialize each
umbrella sampling window, 20 ns steered MD simulations were performed using a harmonic
bias on 71,5 with a spring constant of 75 kJ/mol. During one steered simulation, a tagged
16:0-C1P was pulled from r,s = 14 to 1,5 = —5 to extract it from the membrane. In the other,
the 16:0-C1P was pulled from r,s = =5 to 11,5 = 14 to insert it into the membrane. A total of
66 umbrella sampling windows were simulated with equally spaced harmonic bias centers
ranging from 7y ,g = —5 to 1145 = 15 and a spring constant of 40 kJ/mol. All windows were run
for 52 ns (amounting to a cumulative simulation time of 3.4 ys per system), and the first 20 ns
was discarded to account for equilibration. The weighted histogram analysis method
(WHAM) [95] was used to combine data from all windows and obtain a free energy profile.
Free energy profiles calculated for the two independent systems are in agreement, indicating
convergence (S11 Fig). Data from all windows of both systems was then combined to obtain
the free energy profile for passive lipid transport shown in Fig 7B, and error bars were calcu-
lated as the standard error estimated from the two independent systems.

Supporting information

S1 Fig. In solution, one side of CPTP’s sandwich-like structure adjusts to the presence of
C1P. Root-mean-square deviation (RMSD) of each residue’s Ca atom of CPTP in its apo form
relative to its C1P-bound form during solution-phase all-atom simulations. After alignment of
the structures to minimize the RMSD of Ca atoms of helix a6, the RMSD between each Ca in
the C1P-bound and apo forms is calculated as

RMSD,,(C1P — apo) = \/t*QZi].(rClp(t,.) - rapo(tj))z, where i and j index all f frames in each

trajectory and rc;p(t) and r,p,0(t) are the Ca’s positions in the C1P-bound and apo forms,
respectively. CPTP’s secondary structure is schematically illustrated above with helices repre-
sented as rectangles and unstructured loop regions as lines. The gray region highlights residues
that comprise one side of CPTP’s sandwich-like structure. The dashed lines indicated the aver-
age RMSD,(C1P — apo) for helices oN and a1 — 3 of 4.6 A (white region) and helices 04, o5,
a7, and a8 of 3.6 A (gray region).

(TIF)

S2 Fig. Membrane binding is observed in unbiased coarse-grained simulations. (A) Mini-
mum distance between CPTP and the membrane during coarse-grained simulations of mem-
brane binding. (B) Configurations observed at the end of each simulation. Four independent
simulations were performed for each form of CPTP. Within 2 us, CPTP stably bound the
membrane in all but one simulation of the apo form (indicated with an asterisk).

(TIF)
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S3 Fig. Coarse-grained representations of CPTP reproduce its internal dynamics observed
in all-atom simulations. Root-mean-square fluctuation (RMSF) of Ca atoms (backbone
beads) of CPTP in its apo and C1P-bound forms during solution-phase all-atom (coarse-
grained) simulations.

(TIF)

$4 Fig. Coarse-grained representations of CPTP match its structure in all-atom simula-
tions. Root-mean-square deviation (RMSD) of Car atoms (backbone beads) between CPTP in
its apo and C1P-bound forms during solution-phase all-atom (coarse-grained) simulations
and the cystral structure of CPTP in PDB 4K85. In the top row, the RMSD for residues 8 — 214
is plotted. All other rows show the RMSD for individual helices.

(TIF)

S5 Fig. CPTP alters the membrane’s physical properties to facilitate extraction and inser-
tion of C1P into the membrane. CPTP impacts (A and B) the average orientational order
parameter of lipids’ acyl chains, Scc [84], (C and D) membrane thickness, and (E and F) area
per lipid. (A, C, and E) Average of each property as a function of a lipid’s displacement in the
xy plane from CPTP. Color scales are set relative to the average value for a POPC membrane
without CPTP present (white). Structures of the apo and C1P-bound forms of CPTP bound to
the membrane are outlined. (B, D, and F) Box-and-whisker plots of each property for lipids
within a specified radial distance from CPTP’s center-of-mass in the xy plane and for lipids in
a POPC membrane without CPTP present. The box extends from the 1st to 3rd quartile with
the median indicated by the black line, and the whiskers extend from the minimum to maxi-
mum value. Asterisks indicate the average differs significantly from that of a POPC membrane:
**p < 0.001; * p < 0.01 (Welch’s t-test).

(TIF)

S6 Fig. Conformational differences between the apo and C1P-bound forms of CPTP result
in differing effects on the membrane’s physical properties. In both the apo and C1P-bound
forms, residues on helices @2 and a6 promote lipid reorientation. Residues on helix a5 of the
C1P-bound form promote further increases in lipid reorientation and disorder. Residues on
helices a1, a2, and a6, especially in the the apo form of CPTP, promote decreases in local
membrane hydrophobicity and increases in the area per lipid. Average change in (A) cos(6,)
(Fig 5A), (B) Scc [84], (C) ncc (Fig 6A), and (D) area per lipid, Ay, relative to the average of a
POPC membrane without CPTP present for lipids within 5A of each residue of CPTP. CPTP’s
secondary structure is schematically illustrated above with helices represented as rectangles
and unstructured loop regions as lines.

(TIF)

S7 Fig. CPTP forms hydrophobic contacts with lipids to disrupt their hydrophobic mem-
brane environments. (1> ") mapped onto the structures of the (A-E) apo and (F-J) C1P-
bound forms. Example configurations of lipids with (1) a reduction in ncc of > 300 contacts
relative to (ncc)mem Of @ POPC membrane without CPTP bound and (2) > 90% of those con-
tacts replaced with hydrophobic contacts with CPTP are shown. The black line indicates the
average position of phosphate groups of membrane lipids.

(TIF)

S8 Fig. Multi-walker well-tempered metadynamics simulation converges after 500 ns. (A
and B) Walkers initiated from the apo (cyan points outlined in gray) and C1P-bound forms
(magenta points outlined in gray) broadly and diffusively sample the space of 1,5 and Q and
are well-mixed by the end of the simulation. Values of 715 and Q at the end of the simulation
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are indicated with points outlined in black for each walker (cyan for those initialized from the
apo form and magenta for those initialized from the C1P-bound form). (A) Values of 1,5 and
Q sampled during the simulation. Each point is colored by time with configurations sampled
at early times shown in dark blue and at later times in dark red. (B) Trajectories of 1y, and Q
for each walker. Walkers initiated from the apo form are plotted in cool colors, and walkers
initiated from the C1P-bound form are plotted in warm colors. (C) Scaled time computed
from the time-dependent bias is plotted versus simulation time on a log-log scale. The dashed
gray line is the linear fit after 500 ns. The slope of this line is 29, which is consistent with the
bias factor of 30 used in the simulation and suggests that a quasi-steady state has been reached.
(D and E) Agreement between free energy profiles calculated at simulation times ranging from
760 ns (cumulatively 15.2 ps) to 1140 ns (cumulatively 22.8 us) indicates convergence. All free
energy profiles were calculated by reweighting frames after 500 ns (cumulatively 10 us) up to
the specified time using the estimator of Tiwary and Parrinello [91].

(TIF)

S9 Fig. Error in the free energy surface AF(r14s, Q). (A) The free energy surface AF(r,s, Q)
shown in Fig 7A is reproduced. (B) Standard error of AF(ry,s, Q) computed with block averag-
ing.

(TIF)

S10 Fig. Free energy profile as a function of Q. AF(Q) is obtained by marginalizing AF(ry xs,
Q) over r14s. Error bars indicate the standard error computed with block averaging.
(TIF)

S11 Fig. Agreement between free energy profiles of passive C1P transport calculated for
two independent systems indicates convergence of umbrella sampling simulations. Free
energy profiles along 1,5 calculated for two independent systems. For each system’s free
energy profile, error bars were calculated as the standard error of AF estimated from four inde-
pendent 8 ns blocks.

(TIF)

$12 Fig. Many different intermediate configurations are sampled during CPTP extraction
(or insertion) of C1P from (or into) a membrane. View looking into CPTP’s hydrophobic
cavity of example configurations from different regions of the free energy surface outlined in
Fig 7A. C1P is rendered as van der Waals spheres and colored orange. The apo form of CPTP
in configuration 1 is colored dark cyan, and the C1P-bound form in configuration 12 is col-
ored dark magenta. The black line indicates the average position of phosphate groups of mem-
brane lipids.

(TIF)

S1 Text. Supporting notes. Discussion of (A) conformational differences between apo and
C1P-bound forms of CPTP both in solution-phase and membrane-bound simulations ana-
lyzed with principal component analysis and (B) choice of CIP-CPTP contacts used to define
Q.

(PDF)
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