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The mechanism by which lipids regulate membrane proteins remains an

open question. While many protein structures reveal associated lipids,
neither binding nor regulatory mechanisms can be gleaned from frozen
static snapshots, as these processes occur in the context of adynamic
membrane at equilibrium. In this study, we combine single-molecule
experiments with computational analyses of lipid dynamics and
lipid-solvation energetics to understand how changes in the lipid
composition of the membrane influence the dimerization of the CLC-ecl
chloride/proton antiporter. We find this influence does not result from
long-lived lipid binding at specific sites, but instead from aninherently
dynamic effect known as preferential lipid solvation, which ultimately
determines the relative thermodynamic stability of associated and
dissociated dimers. This study provides a foundation for linking lipid
composition to the modulation of membrane protein conformational
equilibriaand a framework for discriminating among different lipid
regulation mechanisms in membranes.

The chemical composition of biological membranes is extraordinarily
diverse, varying radically across different organisms, cell types and
organelles. This complexity allows membranes to form stable, fluid
lipid bilayers across awide range of environmental conditions. Yet, this
variability appears excessive beyond necessity, indicating that lipids
may participatein otherimportant physiological roles, such as protein
regulation’”. Indeed, numerous experimental studies of membrane
proteinactivity over the past two decades have demonstrated marked
dependencies on the specific lipid composition of the membrane®*.
Variations in lipid composition can change the membrane in dif-
ferent ways. Large variations may alter its macroscopic structural
and mechanical properties, such as thickness, intrinsic curvature or
elasticity. Continuum mechanics models have been highly successful
at capturing these phenomenaandillustrating how the conformational

energetics of proteins and membranes are inextricably linked”. When
bulk changesinthe membrane are minor or not apparent, however, the
nature of the coupling between protein equilibria and lipid composi-
tion has been more difficult to rationalize. Indeed, changes in lipid
contentin cellsare typically adaptive and occur at relatively modest lev-
els, preserving the overall structure and fluidity of their membranes®”’.
In many cases, therefore, lipid-dependent effects on protein activity
are local and specific, and thus beyond the continuum mechanics
approximation. To conceptualize these effects, it is instead helpful to
recognize the following two facts: first, that the lipid membrane is a
fluid layer of discrete molecules in constant flux, solvating the mem-
brane proteins embedded within; and second, that membrane protein
surfaces are often highly irregular, both geometrically and chemically,
and optimal solvation thereof might entail substantial adaptationsin
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the spatial distribution of the lipid types present in the membrane’.
In this microscopic view, the conformational equilibrium of a protein
is influenced by the lipid composition of the membrane because the
latter dictates the energetics of lipid solvation for each of the protein
states™. It is worth noting that this microscopic perspective can be
connected to the continuum mechanics description, either through
the use of atomistic knowledge to construct improved models'*", or
ideally through the derivation of free-energy functionals fromanalysis
of molecular ensembles of lipids in different states, thereby providing
anall-scale understanding of membrane structure and energetics'*".

Agrowing collection of data derived from mass spectrometry'®"”
and cryo-electron microscopy'®* has inspired an alternative per-
spective of molecular-scale lipid effects. In this view, individual lipids
become immobilized in complexes with a target protein, favoring
certain functional states, due to long-lived intermolecular interactions
at specific sites on the protein surface, with lipid headgroups likely
conferring specificity. While this notion is plausible in some circum-
stances, itis worth noting that these experimental approaches exam-
ine protein-lipid interactions out of context, that is, not a dynamic
lipid bilayer at equilibrium. This concern is often set aside under the
assumption that these types of experiments capture the most prob-
able snapshot of the system in the original equilibrium state. The fact
is, however, that the act ofisolating a protein is not instantaneous but
happensoveratimescale thatis slow compared tolipid diffusivity and
rotational motion, and so these experiments are more likely to capture
the most probable snapshot of the perturbed condition, whichmay or
may not coincide with thatin anactual thermalized membrane. Based
on this, it is not evident which interactions are truly mechanistically
significant, and which are spuriously induced, or at least enhanced.
The appearance of binding can arise from other mechanisms, such as
artifactual association” or weak solvation effects***. The mechanism
at play in each case must be examined through the prism of linkage
thermodynamics, which describes how binding of one molecule or
species exerts an effect on another reaction®, and requires equilibrium
titration studies?; it follows that membrane protein reactions must
therefore be studied inside lipid bilayers. For example, site-specific
binding features the characteristic saturation of the bound state as a
function of ligand concentration, whereas weak linkage effects such
as preferential solvation do not. As lipids have the potential to act as
both solvents and ligands, it is essential to distinguish between these
distinct mechanisms to understand how lipids modulate membrane
proteins within membranes.

Unfortunately, there exists limited thermodynamic datareporting
on changes in membrane protein equilibria in membranes linked to
the molecular activity of lipids. Our recent studies on the dimerization
energetics of CLC-ecl(refs. 28,29), a prokaryotic chloride-proton anti-
porterinlipid bilayers, provide access to this critical information. This
reactionisaprototype of a pervasive process in membrane physiology:
protein oligomerization. It is also one of the few examples for which
thermodynamic linkage between protein structure andlipid activity has
been experimentally established®>°*, Like other self-organization pro-
cessesinthe membrane such asthe dimerization of inverted-topology
subunits to form the fluoride selective Fluc channel*?, the assembly of
ATP synthase dimersinto rows to form mitochondrial cristae®, and the
clustering of the core autophagy membrane protein ATG9A**, dimeri-
zation of CLC-eclisin part due to amorphological perturbationinthe
lipid bilayer created by the monomeric protein, whichisrelieved upon
association® (Fig.1). The cause of this perturbation is a specific feature
on the protein surface formed by atypically short transmembrane
a-helices flanked by ionized and polar residues, which create alocal
region of hydrophobic mismatch. Adequate solvation of this region
requires lipids inits vicinity to become strongly tilted and entangled,
resultinginathinning of the membrane by as much as one-third of the
bulklength. Because this defect disappears in the dimer, it translates
into a driving force for protein-protein association that arises from

the membrane. That is, dimerization is favored from a net gain in the
conformational free-energy of the membrane, in addition to the gain
resulting from contacts at acomplementary protein-proteininterface.
Considering the membrane as a solvation structure builds upon the
foundation of continuum membrane modeling, providing anecessary
molecular-scale connection that bridges these methods to consider
chemical complexity.

Consideration of membrane coupling through changes in sol-
vation free energies also provides an intuitive way to understand
the coupling of membrane protein reactions to lipid composition,
aligning more closely with our understanding of the stability of
soluble proteins. Indeed, this is also observed in the dimerization
equilibrium of CLC-ecl, as the monomer-dimer population observed
in 1-palmityl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)
and 1-palmityl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG)
membranes are shifted upon addition of shorter C12:0 acyl chain
lipids, 1,2-dilauroyl-sn-glycero-3-phosphoethanolamine (DLPE)
and 1,2-dilauroyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DLPG).
Our measurements revealed that DLPE/DLPG lipids substantially
inhibit dimerization without compromising structure or antiport
activity. Remarkably, this effect was detectable even for DL/PO ratios
much smaller than 1% and showed no saturation with increasing DL.
Coarse-grained (CG) molecular dynamics (MD; combined known as
CGMD) simulations of CLC-ec1 monomers in mixtures of POPE/POPG
and DLPE/DLPGlipids revealed sequestering of DLPE/DLPG lipids near
the exposed dimerizationinterface for all concentrations considered,
inline with the nonsaturatingimpact onthe free energy changes experi-
mentally observed. The evidence so faris compelling but only infersthe
mechanism of preferential solvation. We still lack the connection of how
molecular changes in the membrane lead to thermodynamic changesin
oligomerization. Specifically, how does burial of the membrane defect
incur the energetic impact to drive dimerization? Furthermore, how
dowedistinguish DL enrichment as aweak solvation effect rather than
site-specificbinding, and how does enrichment translate to energetic
changes in the self-assembly of subunits?

Here we address these questions by conducting an integrated
study that combines experiments and theoretical calculations. We
first measure the dimerization of CLC-ecl in bilayers with net neutral
phosphocholine (PC) headgroups, revealing that DL inhibition persists
with different headgroups and does not depend on specific protein—
headgroupinteractions. We then use three different applications of the
MD simulation method to dissect the molecular mechanism of DL inhi-
bition of dimerization. First, we calculated an all-atom 40-microsecond
MD trajectory of a CLC-ecl monomer in1-palmitoyl-2-oleoyl-glycero-3
-phosphocholine (POPC)/1,2-dilauroyl-sn-glycero-3-phosphocholine
(DLPC) and deployed an advanced lipid dynamics analysis method to
reveal how short-chain lipids become enriched at the dimerization
interface withoutlong-lived binding. Second, we developed a protocol
to calculate, with high statistical precision, the change in total solva-
tion free energy of a membrane protein upon global changes in lipid
composition. We used this protocol to compare the solvation free
energies of monomeric and dimeric CLC-ecl in POPC versus POPC/
DLPC using a CG representation, recapitulating our experimentally
measured changes indimerization free energy. Finally, we developed a
methodology to evaluate the energetics of CLC-ecl dimerization before
the formation of direct protein-protein interactions and investigate
how DL lipids influence the driving force generated by the membrane.
Ultimately, we uncover experimental and computational evidence that
changes in membrane solvation energetics drive CLC dimerization,
with lipids modulating the magnitude of the energy differences with-
outlong-lasting protein-lipid interactions. We posit that preferential
solvation thermodynamics enables cells to harness the astounding
chemical complexity of lipid membranes to regulate the conforma-
tional equilibria of proteins therein, thereby tuning their functional
activity across various conditions.
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Fig.1|Solvation shell lipids exhibit orientation defects along the dimerization
interface of CLC-ecl. a, The CLC-ecl CI"/H" antiporter forms a dimer complex,
whereupon dimerization removes about 20 lipids from the annular solvation
shell that returnto the bulk. The average lipid orientation in the first solvation
shellis depicted as an orientation vector relative to the bilayer normal, plotted
using previous CG simulation data®. Please note that arrows reflect directional
vectors of lipid orientation along the membrane lattice points and not whole

Nondimerization
interface (ND)
ND = ND1+ ND2

120°

lipids. b, Inthe monomeric state, CLC-ecl perturbs the surrounding membrane
structure around the dimerization interface, D, resulting inincreased lipid tilt
angles, chain entanglement, and a reduction of the membrane thickness adjacent
to this surface. Burial of this interface eliminates the defect completely, exposing
the remaining nondimerization surfaces, ND = ND1+ ND2, where the lipids adopt
bulk-like bilayer orientations.

Results

CLC-ecl dimerizationis inhibited by short-chain PClipids

In previous experiments, we found that addition of DLPE/DLPG lipids
to POPE/POPG membranes inhibits CLC-ecl dimerization®. Analysis of
lipid distributions around the protein by CGMD simulations indicates
that this effect stems from the enrichment of short-chain DL lipids at
the binding interface that becomes exposed upon dissociation. How-
ever, the mechanism governing this enrichment remains unclear and
could result fromsite-specificbinding at the interface. One of the ele-
ments of this lipid-as-ligand association mechanism is that chemical
specificity is imparted by persistent interactions between the lipid
headgroup and the protein, which may be potentiated when lipids
carry a net charge. Indeed, our original studies included changing
the amount of negatively charged POPG and DLPG lipids. To examine
this further, we investigated whether DL enrichment around CLC-ecl
is specific to this headgroup by repeating the analysis in pure POPC
and a mixture of 80% POPC/20% DLPC. Under these conditions, we
observe a similar membrane thinning in the net neutral lipid bilayers
(Fig. 2a and Extended Data Fig. 1a), as well as the same degree of DL
enrichment (Fig.2b and Extended Data Fig. 1b). This indicates that the
effects observed in our MD simulations are driven by the shorter acyl
chains, and not by the lipid headgroups.

Next, we experimentally investigated whether DLPC inhibits
CLC-ecl dimerization on the background of POPC membranes. To
achieve this, we used a method known as single-molecule subunit
capture, which measures equilibrium oligomerizationin membranes
by analyzing the density-dependent Poisson-like statistical distri-
bution of fluorescently labeled protein subunits captured into lipo-
some membrane fractions*>**¢, Randomly dispersed monomers
in the membrane would tend to be captured into many liposomes
during extrusion, while the same amount of protein assembled into
higher-order oligomersis expected to occupy fewer liposomes and with
higher subunit numbers per vesicle. The fluorophore-labeled subunit
occupancy is measured directly by single-molecule photobleaching
analysis, and the photobleaching probability distributions of fluores-
cently labeled protein captured into liposomes, (P, P,, P;.), reports

on the oligomeric population in the pre-extruded membrane. This
method has been extensively validated and previously used to report
on the dimerization equilibrium of CLC-ecl (refs. 30,35,36), and the
Fluc-Bpe F channel®*. In the current study, we used this approach to
measure CLC-ecldimerizationinthedifferentheadgroup composition
of PC. In100% POPC, the photobleaching probability distributions
are like those in 2:1POPE/POPG, confirming that the protein is mainly
dimeric at the mole fraction density of 1 subunit per 10° lipids in both
PO compositions (Fig. 2c). However, addition of 20% DLPC increases
the proportion of single photobleaching steps, indicating a substantial
shift towards monomers, like what was observed previously for DLPE/
DLPG lipids. To rule out whether the increase in apparent monomers
arises from off-pathway states, such as subunit misfolding, we inter-
rogated the proteoliposomes for their chloride transport function.
Indeed, transportis observed in bothmembrane compositions and is
enhancedinthe presence of DLPC, indicating that the subunits remain
actively folded (Fig. 2d,e). From this, we conclude that the increased
probability of single photobleaching steps in the DL-supplemented PC
membranes indicates anincrease in functional CLC-ecl monomersin
the protein population. These results provide experimental evidence
thattheinhibitory effect of DL lipids on CLC-ecl dimerizationis dueto
chainlength, rather than protein-headgroup interactions.

Lipid exchange biases lead to DL enrichment at the dimer
interface

IfDL enrichment does notinvolve specific headgroup interactions, then
why do DL lipids accumulate at the dimerization interface? Counterin-
tuitively, it is possible that shorter acyl chains form more interactions
withthe proteinifthey fitinto specific pockets that are not accessible by
longer PO. As experimental methods about lipid dynamics near proteins
are limited, we turn to all-atom MD simulations to provide insights not
otherwise attainable. While CG force fields permit high-quality statistics
useful for examining membrane morphology*>”, all-atom force fields are
the method of choice to evaluate close-range protein-lipid interactions
and dynamics.Itis crucial, however, that the calculated trajectories are
much longer thanthe characteristic diffusion times of lipids, bothin the
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Fig.2|DLPCinhibition of CLC-ecl dimerization. a, Membrane thickness

maps of the CLC-ecl dimer and monomer subunit in POPC and 20% DLPC/80%
POPC lipid bilayers, both calculated from 40 ps CGMD simulations with the
MARTINI force field, respectively. b, DLPC enrichment at the dimerization
interface. ¢, Single-molecule photobleaching probability distributions

(P, P, P3,) of CLC-ecl-Cy5at 0.1 ug mg™, X,econse. = 107° subunits per lipid in 2:1
POPE/POPG, POPC and 1:4 DLPC/POPC membranes. P, represents the probability
of observing single photobleaching steps, P, represents double steps and P;, are
spots that bleached in three or more steps. Data represent mean +s.e.m.
forn=9,4 and 3 biological replicates for 2:1 POPE/POPG*, POPC and 1:4 DLPC/
POPC samples, respectively, imaged 2-5 days after freeze/thaw fusion.
Atwo-tailed x? test was carried out on the different distributions: POPC versus

2:1POPE/POPG, not significant (NS), P= 0.0872; POPC versus 1:4 DLPC/POPC,
#*+p < 0,0001. d, Raw chloride efflux trace from al pg mg™, X,econse. = 10~° subunits
per lipid reconstituted in POPC (black) or 1:4 DLPC/POPC (red). The upward
caret (") indicates initiation of transport with valinomycin and FCCP, whereas
the downward caret (v) indicates addition of detergent 3-OG, releasing the
remaining trapped chloride within the proteoliposomes. Dashed lines indicate
linear fits of the first 10 s of transport, to determine ;.. €, Rate of chloride
transport from proteoliposomes, k; (norm. [CI'].,, pers). Datarepresent

mean + s.e.m. for n =3 biological replicates for each lipid composition. Unpaired
two-tailed ¢ tests carried out between DL and PO conditions: POPC versus 1:2
POPE/POPG, NS, P=0.9132; POPC versus 1:4 DLPC/POPC, *P = 0.0243; 2:1 POPE/
POPG versus1:4 DLPC/POPC, **P=0.0052.

bulk and near proteins. To examine whether the inhibitory effect of DL
lipids on CLC-ecl oligomerizationreflects long-lived DL binding events
atthedimerinterface, we calculated a40-ps MD trajectory fora CLC-ecl
monomer immersed in a 70% POPC/30% DLPC mixture on an Anton 2
supercomputer using a well-calibrated force field. Lipid dynamics were
analyzed using MOSAICS*®, acomprehensive software suite specifically
designed for time-and space-resolved analyses of membrane structure
and dynamics inmulticomponent systems. Among many other descrip-
tors, MOSAICS facilitates a quantitative evaluation of lipid mixing in
multicomponent bilayers; this insight is necessary because it reveals
whether the length of agiven trajectory is sufficient to eliminate spuri-
ouseffects dueto the starting condition of the simulation. Nearly com-
plete mixing of POPC and DLPC occurs over the 40-ps trajectory with
converged mean lipid-solvation numbers for both species (Fig. 3a). This
high degree of sampling allowed for the quantification of lateral diffusion
constants for each species (Fig. 3b), demonstrating the characteristic
timescale required for the emergence of molecular Brownian motion
(about 50 ns), as opposed to in-place fluctuations. Analyzing the mac-
roscopic membrane structure that emerges from this dynamic system,
we see that the membrane thickness (Fig. 3c) and DL enrichment at the

dimerization interface (Fig. 3d) recapitulate what we observed in our
CGMD simulations of membranes with PG/PE headgroups®.

Through Voronoi tessellations of every snapshot, we tracked each
lipid type (Fig. 4a) and the areait occupies to analyze timescales of lipid
occupancy mapped onto the 2D lattice (Fig. 4b). These trajectories
illuminate the mechanism of Brownian motion of lipids (Supplemen-
tary Video 1)—lipids act as amorphous blobs, exchanging with their
neighborswithout generating empty spacesin the process. Inthebulk,
lateral displacements areisotropic and rapid, but onthe protein, lipids
slide along the surface only returning to the bulk after being displaced
by aneighboringlipid. These observations suggest that protein shape
is the most crucial factor determining the dwell time of a given lipid
molecule, since a pocket would protect it from being replaced by its
neighbors. However, such pockets are absent on the surface of CLC-ecl
and turnover of lipids at the protein is constant. By 40 ps, 99% of all
lipids have exchanged into the first solvation shell withboth PO and DL
lipids participatingin this nonstop turnover along the entire perimeter
of the protein (Extended Data Fig. 2a).

Analysis of lipid dynamics at the protein surface indicates that DL
enrichmentatthe dimerinterfaceis not duetolong-lived association.

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology

Article

https://doi.org/10.1038/s41589-025-02032-w

a
100 9 ' ' ' 10,000 - T - -
_ 8l : 1,000
S é 7 PR it € 100
3 2o} 1 5 o
Qo c
= 5 ".‘.‘.“h.‘...'.*‘ 3o o 1..‘.:::-:_._ " n 1
s 10 '% . T Al e T = ! D=904
5 = 01~ | +0.00 um?s™ 3
B @ 3 F = 0.01 - - - -
L";_E _g_ 2 [resran ri Ao bee v ) 10 100 1.000 10.000
5 10,000 T T T T
3 i 1,000 b DLPC
] L . 0 . L | P
0.1 1 10 0 10 20 30 40 e 100 f
[
Time (ps) Time (ps) = 10F
g 1 1 ,
Host lipid | First shell lipid o1 - 1 DC:) 1000‘38 )
g 1 +0.00 um*s™ 7
PO | PO/DL — PO — DL — 0.01 . - . s
DL 10 100 1,000 10,000
Elapsed time (ns)
[ d Outer leaflet Inner leaflet
50 T T T T T
/ / R awp (Attt, ]
S % ->
_— P .. £ 30 _... -« - -
‘ ey s -~
» e 20F 4 \ 7
. ] r‘ g - v ¥ Dimer
- c 10} '!-\Nidimer 1
(S}
. £ 0 k\....--—"'
C 50 A w
—
10 ——
0] 1 2 3 4 5 6
Distance to interface (nm)
210 2.35 2.60 2.85 3.10 -100 -75 -50 -25 0] 25 50 75 100

Membrane thickness (nm)

Fig. 3| Lipid sampling around the CLC-ecl monomer in DLPC/POPC
membranes. From 40-ps all-atom MD simulations run on Anton 2 using the
CHARMM36m force field. a, Left: fraction of lipids visiting the first solvation
shell defined within a15 A cutoff distance for all PO and DL lipids (inset). Right:
lipid solvation number for the first solvation shell of either PO or DL. Eachlipid is
analyzed over a 50 ns window and spurious solvation events (<25 ns) areignored,
depicted as uncolored lipids on the outside periphery of the inset. Data averaged
over alllipids in the molecular system. b, MSD versus simulation time. Gray lines
show individual lipid data, while black lines show the average over all lipids. Least

DLPC lipid enrichment factor (%)

squares regression (red dashed line) excludes nonlinear data, thatis, <50 ns,
yielding estimation of the diffusion coefficient, D + error of fit. c, Membrane
thickness map measuring distances between carbonyl carbons on each leaflet.
Gray regions represent low lipid density that roughly corresponds to the
protein’slocation. The dimerization interface is indicated with an arrow and its
perpendicular axis is designated with aline. d, Left: DLPC lipid enrichment factor
map for each leaflet. Right: average enrichment factor over both leaflets for the
dimerization versus nondimerization interface.

The number of visits (Fig. 4c) and mean residence times (Fig. 4d) indi-
cate that lipids are constantly in a dynamic exchange at the protein
surface. Average residence times are 60-80 ns, with some ‘hot-spots’
exhibiting longer dwell times, but these do not exceed 500 ns on
average, our cutoff for considering a lipid to be long-lived. Notably,
hot-spots do not discriminate between PO or DL. There is a strong
correlation between mean residence time and total number of pro-
tein-lipid contacts (Fig. 4e), with the inner leaflet showing longer dwell
times, likely due to the increased number of salt bridges (Fig. 4f and
Extended DataFig. 3) while hydrogen bonds are similarinboth leaflets
(Fig. 4g). Focusing on the first solvation shell, the residence times
are distributed according to a power law (Extended Data Fig. 2b,c),
following what has been reported for CG models®, with the mean DL
residence times being approximately 9 ns longer than those of PO at
the dimerization interface and PO residence times increasing at the
membrane-facing surface (Fig. 4h). These differences translate into
7 £5%DL enrichment, far lower than what we observe.

While notinconsequential, dwell-time differentials do not explain
our 2D-projection data, and so we surmise that DL enrichment must
occur due to anincrease in DL entry into the first solvation shell. To
examine this hypothesis, we calculated the exchange probabilities of
lipids into the first and second solvation shells by pairing each lipid
that leaves one shell with one that enters from the outside (Fig. 4b,i,
Extended Data Fig. 2i,j and Supplementary Table1). At all protein sur-
faces, there is a preference for DL molecules to enter the first and

secondsolvationshells, but this effect isamplified at the thinned dimer-
izationinterface, where DL moleculesare 5 + 1% more likely to enter the
firstshellthan expected (Supplementary Table 2). This contributes an
enrichmentof26 + 6% due toincreased entry of DL, and together with
the enrichment dueto DL retention, we calculate an overall 35 +12%in
DL enrichment, consistent with values obtained from 2D-projection
data (Fig. 3d). This analysis is also consistent at the nondimerization
interface, which exhibits a small exchange preference for DL that is
offset by shorter dwell times compared to PO resulting in neutral lipid
selectivity (Supplementary Tables 2-4). Therefore, enrichment of DL
lipids at the CLC-ecl dimerizationinterface is not explained by specific,
long-lived lipid binding, but by the balance of lipid-lipid exchange and
dwell times that are dependent on membrane morphology.

Differentials in lipid solvation energies explain DL inhibition

How does DL enrichment energetically decrease CLC-ecl dimerization
stability? To answer this question, we calculated the change in solvation
free energy between the CLC-eclmonomer and dimer states, coupled
to lipid composition. We adapted a simulation methodology designed
to evaluate differential binding energetics for small molecules, known
as the free-energy perturbation (FEP) approach*. Typically, a solute
is gradually transformed into another as the simulation progresses,
while the solvent, for example, water, or a binding pocket, remains
unchanged; the resulting energetic changeis then extracted fromthe
simulated trajectory. Here, we used this ‘alchemical’ approach, paired
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with a CG model, to transform not just one solute but hundreds of lipids,
thereby altering the total composition of the membrane. We select
POPClipids thatare randomly positioned within the bilayer and ‘morph’
theminto DLPC (Fig.5a), inboth the dissociated and associated states
of CLC-ecl, as well as the protein-free membrane as areference. For each
POPCtoDLPC conversion, thereisareduction in the chainlengthby one
bead, butalsoachangein chainsaturationand final chainenergy terms.
Starting out with100% POPC, we evaluated incremental changesin the
DLPC molar fraction, ranging from1to 30% in discrete steps (Fig. 5b).
Morphologically, these transformations yield consistent results where
DL lipids become spontaneously enriched at the dimerization interface
atall DL/PO ratios while PO lipids are preferred elsewhere around the
protein perimeter (Extended Data Fig. 4). A10% change in the DL/PO
ratio corresponds to 110 lipid molecules transformed from POPC to
DLPC; as a result, the free-energy cost of the global transformations
is large, on the order of 500 kcal mol™ for a10% change (Fig. 5¢). In
contrast, the solvation free energy changes, that is, the difference in
energy between the protein versus membrane alone, only differ by a
fraction of 1 kcal mol™, with sufficiently small errors indicating con-
vergence of the calculations over these long sampling times (Fig. 5d).

Thisapproachenablesusto calculate how the free energy of solvat-
ingeachstate dependsonDL. The cost of solvating the dimerincreases
by 1kcal mol™at30% DL, while the opposite trend is observed for the
monomeric state; at all increments, the free-energy cost of solvating
dissociated subunits in DL is lower than the protein-free bilayer, with
-1.5 kcal mol™ at 30% DL. Therefore, there are two factors contribut-
ing to DL inhibition of CLC-ecl dimerization. First, the mixed DL/PO
membraneisanenergetically better solvent for the monomer, asDLis
better matched to the morphological defect at the dimerizationinter-
face.Second, the pure PO membraneis abetter solvent for the dimer,
as PO lipids are better matched to the rest of the protein-membrane
interface. Considering both contributions, we calculate a net destabi-
lization of dimerization by —2.5 kcal mol™in30% DL, agreeing with our
past experimental results and supporting amechanism of preferential
solvation® (Fig. 5e and Extended DataFig. 5).

Burial of the membrane defect confers orientational
specificity

The above analysis shows that changes in lipid-solvation energies
explain why DL lipids inhibit CLC dimerization. It is essential to note
that these calculations do not account for contributions from protein-
proteininteractionsinthe dimer, indicating that changesin membrane
energetics drive complex formation before the subunits come into
contact. To examine this hypothesis, we designed a series of CG simu-
lations wherein two monomers are gradually brought together but
prevented from forming protein-protein interactions by an artificial
repulsive force thatisactivated only when subunitsarein close range,
thatis, providing a‘bumper’ around the protein perimeter that limits
protein contacts (Fig. 6a). Under these conditions, we calculated the
free energy difference of bringing subunits close to one another in
the membrane using the umbrella sampling method and examined
the dependency of the free energy change on protein orientation and
lipid composition. As anegative control, we examined the reactionina
non-native orientation where subunits are rotated so that dimerization
interfaces face away fromeach other and the membrane defects remain
exposedinallstates (Fig. 6b). The free-energy profile shows thatin this
orientation it is unfavorable to bring subunits close to one another
(Fig. 6¢). However, when the subunits approach in the native orienta-
tion, we obtain afavorable free energy for formation of a‘precomplex’
dimer that does not involve protein-protein interactions.

The features of the dimerization energy profile can be linked to
changes in membrane morphology at different intersubunit separa-
tions. Inthe fully dissociated state (that is, center-to-center intersubu-
nitdistance around 9 nm) each subunit formsamembrane defect at the
dimerization interface, with bulk-like bilayer in between (Fig. 6b). As

the subunit distance is decreased to 6 nm separation, the free energy
steadily increases unfavorably to 3 kcal mol™, where the defects occupy
alargerareathanwhenthe monomersare farther apart. As the subunits
are brought closer still, the free energy decreases sharply as the two
defects coalesce, and the affected membrane area becomes smaller.
At4.3 nmseparation, only asingle layer of lipids remains between the
two subunits (Extended Data Fig. 6¢), with only 2% of protein-protein
contacts observedin the dimeric structure of CLC-ecl formed (Fig. 6d).
This ‘precomplex’state is -2 kcal mol™ more stable than the dissociated
stateand indicates thatassociation at the native dimerization interface
isfavorable evenin the absence of protein contacts. These results also
show that the membrane defect confers orientational specificity to
the reaction, potentially enabling the driving of subunit association
atadistance.

Consistent with our previous findings, the free energy of ‘precom-
plex’ formationis destabilized in the PO/DL membrane, withamodest
free-energy gain of —0.6 kcal mol™ relative to the dissociated form
(Fig. 6¢). Taking the difference between PO and PO/DL conditions, addi-
tion of the short-chainlipids destabilizes dimerization by 1.4 kcal mol™.
Elimination of the remaininglipids would further enhance this inhibi-
tory effect, as POPC chains are unfavorable at the dimerization inter-
face. However, the final de-lipidation step isinherently coupled to the
formation of many protein-protein contactsand soitis not possible to
evaluate the energetics of these two processes separately. Still, these
results demonstrate the dependency of the dimerization free energy on
short-chain DL lipids, showing that changes in membrane composition
canmodulate the energetics of membrane protein association, and this
effect does not require protein-protein interactions.

Discussion
This study combines experiments with computational methodolo-
gies to uncover the mechanism by which the lipid composition of the
membraneinfluences the oligomerization of the CLC chloride/proton
antiporter. This effect originates from the structure of the CLC subunit,
whichfeaturesaregion onitstransmembrane surface thatis lipophilic
but atypically thin and curved, resulting in a hydrophobic mismatch
with the membrane. Adequate solvation of this surface resultsin a
perturbation to the surrounding lipid bilayer structure, and C16/C18
biologicallipids end up tilted with reduced packing (Fig. 1). While this
is astable solvation structure, lipids are energetically frustrated here
comparedtothebulk, resulting in arelative energetic penalty for solvat-
ing the monomer. Dimerizationis thus energetically favored because
it eliminates this mismatched protein-lipid interface, allowing up to
20 lipids toreturn to the bulk-bilayer configuration. Accordingly, our
potential-of-mean-force calculations show that CLC dimerization is
only favored when it involves the protein surface that accompanies
the membrane defect (Fig. 6). While protein-protein contacts are
expected to contribute to the dimer stability at close range, we find
thatitisthe generalizable changesin membrane energetics thatdrive
the subunitsto come close to one another, in aspecific orientation, and
formspecific precomplex states. This effect has also been observedin
other systems. The homodimeric F~ion channel Fluc exhibits asimilar
membrane defect that is formed by hydrophobic mismatch at charged
surfaces™. In fact, the magnitude of Fluc dimerization affinity is remark-
ably like that of CLC-ecl, potentially due to the similarity in membrane
defect shape and size. Thinned membrane defects are also observed
in membrane proteins that participate in dynamic association with
protein cargo, such asinsertases***, indicating that the driving force
for protein association in those cases might also result from elimina-
tion of energetically frustrated lipid-solvation shells, offering a way
of imparting affinity to these complexes without the need for strong
proteininteractions.

The observation that changesin membrane energetics drive CLC
dimerization extends from other studies that have shown that mem-
brane proteins associate to minimize hydrophobic mismatch, asinthe
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Fig. 5| Calculation of free energy from a change in membrane composition,
coupled to the CLC-ecl dimerization. a, Schematic showing the alchemical
transformation of a single CG POPC lipid to DLPC, by gradually turning off

the parameters for the fourth bead on each chain (C4B) while simultaneously
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(C3to Cl). b, POPClipid molecules are selected at random from the total lipid
population and transformed into DLPC through small, step-wise increments for
the dissociated monomers, dimer and a protein-free bilayer. ¢, The free energy
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and backward paths (scatter dots, n = 2 technical replicates) for the dissociated
monomers, dimer and membrane free lipid bilayer systems. d, The mean
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and dissociated states to the protein-free transformation. e, Comparison

of AAG as determined from FEP simulations in POPC/DLPC membranes and
single-molecule photobleaching experiments carried out in POPE/POPG/DLPE/
DLPG membranes®. Changes are reported relative to the free energy of each
systemin20% DL lipids, where there are enough DL lipids to minimize system size
artifacts (Extended Data Fig. 5a). For the experimental results, data represent
mean +s.e.m.for1%and 10% DL, with n = 5and n = 3 biological replicates,
respectively. For20% DL, n =2, and so the datais shown as the average and
individual scatter points. For the FEP, data represent mean fromn = 2 forward and
backward calculations. Individual data points shown in scatter. Exp., experiment.

case of model membrane proteins**, gramicidin***¢, transmembrane
helices*” and GPCRs*. As noted, this type of effect can be rationalized
from a continuum mechanics perspective; that is, ageometrical mis-
matchrepresentsastraininthe membrane energy, which can be mini-
mized depending on the state of the protein. However, to understand
how changes inlipid composition modulate this driving force, itis nec-
essarytodivedeeperintoits molecular basis and directly examine and
quantify differences in the spatial distribution of lipids around proteins
as well as in the energetics of lipid solvation. This perspective is also
supported by our recent experiments examining the thermodynamic
changes associated with the CLC dimerization reaction®. This analysis
showed that dimerization is accompanied by a large 2 kcal mol* K™
change in heat capacity, that is, the thermodynamic signature of the
hydrophobiceffect***°, Of course, the hydrophobic effect should not

apply to these types of membrane protein reactions as there is little
water inthe membrane for the protein to be phobic of. However, when
considered more broadly, the phenomenon arises from changesin sol-
vent configurations and the degrees of freedom for heat to distribute
across bonds and nonbonded interactions. In the CLC dimerization
reaction, the solvent is primarily composed of lipids, and we observe
major changesin lipid configurations between the monomer and dimer
states. Therefore, the observation that this reaction exhibits the classic
thermodynamicsignature of the hydrophobic effect further supports
our finding that the change in lipid-solvation energetics is a primary
driving force for CLC dimerization.

A driving force that originates in the membrane is inherently
dependent on the chemical composition of the lipids. This is where
membrane protein reactions are remarkable to consider. For soluble
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force when the distance separating individual subunit surfaces is <1.2 nm. For
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thickness maps (left) for non-native and native dimers in a POPC bilayer as
afunction of intersubunit separation distance. This distance is measured
between the center of mass of a collection of beads located on each protomer
(Extended Data Fig. 6), whereupon a separation of 3.4 nmis obtained in the native
dimer complex, and 3.8 nmin the non-native state. The DLPC lipid enrichment
factor is also shown in the outer leaflet (right). ¢, Free energy change as a function

Intersubunit distance (nm)
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of intersubunit separation before protein contact formation, thereby isolating
the membrane contribution for the non-native versus native dimer in POPC and
native dimer complexin POPC versus a 70:30 mixture of POPC and DLPC. Data
represent mean + 3x s.d. around the mean obtained by splitting the trajectories
into three nonoverlapping segments, and calculating the free energy fromeach
segment, for n =3 technical replicates. d, The fraction of interprotomer contacts,
relative to those observed in the native dimer, as a function of intersubunit
distance. Datarepresent the mean + s.d. over all contacts for all snapshots and
windows after sorting based on the intersubunit separation distance. Each bin
contained approximately 40,000 samples for the native and non-native dimerin
POPC and 120,000 samples for the DLPC/POPC mixture.

proteins, there is only one solvent available, that is, water. In contrast,
cellularmembranes exhibit nearly infinite possibilities of chemical vari-
ability. Our findings demonstrate that small changes in lipid composi-
tion can have asubstantialimpact on protein conformational equilibria.
Aschangesinsolvation energetics drive CLC dimerization, altering the

lipid composition changes the driving force by modifying the solvation
free energy of either state. Knowing how a certain lipid changes this
balance s far from trivial, but the FEP approach we present provides a
direct means of calculating lipid effects. Indeed, we find thatincreasing
DLby20%inthe membrane changes both monomer and dimer solvation
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free energies for anet difference of about 2.5 kcal mol™, consistent with
our experimental measurements®. These calculations demonstrate
that linkage of lipids to protein equilibria is complex, involving unique
dependencies of each state and the reference lipid bilayer. Yet, this
study demonstrates that quantitative modeling of lipid regulation is
possible, providing self-consistent evidence between thermodynamic
computations and experimental measurements. This methodology can
bereadily applied to many other types of systems where lipids are pre-
dicted tobe linked to conformational equilibria, such as the activation
and organization of GPCRs and other membrane proteins®*.
Itisimportant to note that although we observe enrichment of DL
lipids at the CLC dimerizationinterface, the inhibitory mechanismwe
uncover does not require specific sites onthe proteinfor lipid binding.
To the contrary, this enrichment effect entails a constant turnover of
all lipids in the first lipid-solvation shells. Turnover rates are, how-
ever, lipid-specific, resulting in a tunable mechanism that produces
substantial changes in dimerization energetics with small changes in
lipid composition, with substantial implications for the regulation of
membrane protein complexesin cellular membranes. A 2.5 kcal mol™
changeindimerization stability corresponds toachangein the disso-
ciation constant of about 70-fold (Extended Data Fig. 5b). If the protein
expression levels are within the transition region of the dimerization
isotherm, then this may decrease the dimer population by up to 60%.
This sets up a potential mechanism for functional lipid regulation
through modulation of dimerization. Although CLC-ecl can function
asbothmonomers and dimers, at the inactivating condition of pH7.5,
the prevalence of dimers increases™, suggesting that inhibition might
be linked to a particular dimer conformation that prevents transport
activity. Our finding that DL lipids destabilize dimerization, and that
DLPC specifically enhances the activity of the transporter (Fig. 2d e),
may reflect lipid-mediated regulation of CLC inhibition that could also
pertainto biological settings. As noted, none of this requires individual
DL lipids to become immobilized at the dimerization interface, in
agreementwith our previous linkage datashowing that theinhibitory
effect of DL does not saturate, as would be expected for site-specific,
competitive binding. Indeed, alternatives to the lipid-ligand model of
membrane regulation areincreasingly compelling, as hasbeen noted
for other systems such as mechanosensitive channels®. We antici-
pate that future experimental and computational studies on the ther-
modynamic linkage between protein conformational equilibria and
membrane composition will reveal that preferential lipid solvation is
aubiquitous mechanism by which lipids regulate membrane proteins.
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Methods

Visualization of lipid orientations around CLC monomers and
dimers from CGMD simulations

A depiction of lipid orientations around CLC-ecl is provided in
Fig. 1 calculated from CGMD MARTINI 2:1 POPE/POPG simulation
dataacquired in a previous study®. Time-average lipid coordinates
were computed using the trajectory data and ‘Mean Lipid Coords’
tool provided in MOSAICS*®. In this case, the lipids are mapped onto a
grid using a stampingradius of 2.3 A and alattice spacing of 4 A. The
resulting coordinates, which are provided for each CG bead and at
every lattice point, are visualized as arrows connecting the phosphate
bead and the last bead on chain A. Therefore, arrows represent the
average orientation whenalipidisat alattice point at a user-defined
lattice spacing and do not reflect the actual lipid packing density in
the membrane. Due to the isotropic nature of the lipids, the average
coordinates of beads on chain A are identical to those on chain B.
In Fig. 1, a surface is also shown around the protein for reference,
where the coordinates are also averaged over the trajectory, and
only asinglelayer of lattice points surrounding the proteinis shown
for clarity.

CLC-ecl purification, fluorophore labeling and reconstitution
into lipid bilayers

The protein was purified, labeled and reconstituted following estab-
lished methods**°. CLC-ecl on the background of C85A/H234C was
used in the studies to provide subunit-specific labeling. A C-terminal
hexahistidine tag is present for purification and is left intact in these
studies. Protein was labeled with Cy5-maleimide (sulfo-Cy5, GE Bio-
sciences), with a labeling efficiency of =0.7 per subunit. CLC-ec1-Cy5
was reconstituted into POPC or 1:4 DLPC/POPC membranes®,
where dialysis was carried out at 4 °C for -3 days, unless otherwise
noted. Chloride transport activity was measured using the ion
electrode-based chloride dump assay**, where transport was quanti-
fied by measuring the initial rate (k;,;) through linear fitting of the
first 10 s of transport following addition of valinomycin/carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP). A biological
replicateis defined asanindependent sample that hasbeen separately
purified, labeled and reconstituted.

Freeze-thaw fusion of membranes

Fusion of 2:1 POPE/POPG, POPC and 1:4 DLPC/POPC membranes
was monitored by Férster Resonance Energy Transfer in membranes
(Extended DataFig.1c,d) detected by doping vesicles with 0.02% donor
18:1PE-NBD (1,2-dioleoyl-sn-glycero-3-phos-phoethanolamine-N-(7-nitro
-2-1,3-benzoxadiazol-4-yl)), 0.1% acceptor 18:1 PE-RhB (1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissa-mine rhodamine
B sulfonyl)) or both following the procedures described previously™.
Measurements were conducted using a Fluorolog 3-22 Fluorometer
(Horiba). Theratiometric FRET signal isnormalized between the negative
control baseline FRET signal of the 0.02% NBD and 0.1% RhB combined
samples before fusion (set to 0) and the positive control endpoint signal
from the 0.02% NBD/0.1% RhB co-labeled proteoliposomes samples
(setto1.0).

Single-molecule photobleaching analysis

After dialysis, liposomes were freeze-thawed five times by cycling
through —-80 °C and room temperature. The fused membranes were
then supplemented with 0.02% NaN, and incubated at room tempera-
ture, in the dark, for 4-8 days. The samples were extruded through a
0.4 um Avestin extruder 21x before examination by single-molecule
total internal reflection fluorescence microscopy. Lanes on the slide
were coated with 1 mg ml™ polylysine and dilute glutaraldehyde to
immobilize protein molecules and reduce lateral diffusion. Pho-
tobleaching probability distributions were measured and analyzed
as described previously>**.

All-atom MD simulations

Starting CLC-ecl configurations are taken from the Protein Data Bank
(PDB) entry 10TS™. A single protomer is extracted for simulation and
the first 30 residues are removed since these were shown in a previ-
ous study to be highly flexible and adopt multiple conformations®®.
Following truncation, the N and C termini are capped with acetyl and
methylamine groups, respectively, and E113 (chain A and B) and D417
(chain A) were protonated, and all other residues were left in default
protonation states (GLU/ASP™, LYS"/ARG", HIS®) in line with previous
continuum electrostatics calculations predicting pKa states”. The pro-
teinwasinsertedintoa pre-equilibratedlipid bilayer using the GRIFFIN
tool*®. The systemis then buffered using a TIP3P water model, 150 mM
NaClions and the net charge neutralized (see Supplementary Table 5
for details on molecular composition). Initial equilibrations of the sys-
tems are performed using NAMD 2.12 (ref. 59) ina multistaged protocol
where structural restraints are gradually reduced over approximately
100 ns of simulation time (Supplementary Table 6). Production runs
are then performed using the Anton 2 special computing cluster® and
the CHARMM36m force field®'. For these simulations, the equations of
motion are integrated with the Anton Multigrator scheme® using a
timestep of 2.5 fs. Likewise, the temperature and pressure are both
maintained at 310 Kand1bar, respectively, using aLangevin thermostat
and a semi-isotropic Nose-Hoover barostat.

In some cases, cumulative force field inaccuracies can lead to
deviations where important secondary and tertiary structural ele-
ments can be degraded after multiple microseconds of simulation
time. Therefore, we introduce a term that biases the configurational
sampling of backbone dihedral angles to favor a selected set of refer-
ence values, specifically those observed in the crystal structure (PDB
ID:10TS). These terms do not preclude deviations of individual dihedral
angles, as local structural fluctuations are allowed and are observed
inthe simulations. Yet collectively, large-scale structural changes are
avoided since the bias limits the accumulation of many angles changing
allatonce. These restraints have been used in previous simulations on
Anton 2 (refs.37,63,64) and target the protein’s phi and psi angles using
the following energy function:

m=6 (1 + 08 (M (¢r — (Pexp — 130))))

U@)=K Y (-D" i m

m=1

where ¢, is the angle computed at time ¢, ¢, is the reference angle
taken from the experimental structure, and K is the force constant
chosen to be 1k;T in our simulations, where k; is the Boltzmann con-
stantand Tisthe temperature. Select contacts at the binding interface
are also enforced using harmonic restraints (Supplementary Table 7)
to ensure maximal integrity of the dimerization interface.

Noise-corrected projections of the lipid residence time

Projections of the time average lipid residence time are made with the
MOSAICS v1.1.0toolset (https://github.com/MOSAICS-NIH/MOSAICS)
by computing Voronoi tessellations of the trajectory snapshots’.
MOSAICS approximates Voronoi cells using agrid-based method that
assigns lattice points to lipids that are closer to the lattice point than
any other lipid. The method uses the lipid’s carbonyl carbons to define
the vertices and has been shown to produce accurate tessellations in
area per lipid calculations, provided the lattice spacing is small. Here
we use a grid-point spacing of 0.7 A, which is sufficient for mapping
the lipid dwell time. We note that the dwell time estimates computed
from tessellation data are subject to noise caused by internal fluctua-
tions of the lipid atoms. For example, the Voronoi cell of abound lipid
molecule may appear to pop in and out of abinding pocket due to the
motions of the lipid’s ester groups, which as noted are used to construct
the Voronoi cells. In this case, the lipid will appear to bind to the pro-
tein multiple times, and the average dwell time underestimated. This
problem is circumvented by consolidating the fragmented binding
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eventsinto asingle event. However, care must be taken to ensure that
uncorrelated events are notincluded in the merge. Thisisaccomplished
by limiting the gap size between neighboring events that are mended
to the timescale describing the lipid’s internal motions. The resulting
gap size is determined from analysis of the lipid molecules’ mean
square displacement (MSD) after an elapsed time t. Figure 3b shows
aplot ofthe MSD versus t where the diffusion equation describes the
linear region. Before this region, the lipid displacement deviates from
the diffusion equation because the internal motions now account for
alarge portion of the overall movement. Still, the probability of a true
lipid displacement event is negligible for this small timescale and
only becomes significant when larger durations that exceed 50 ns are
considered. We, therefore, minimize noise in dwell time estimates by
merging all binding events that originate from a single lipid molecule
and that are separated by no more than 50 ns.

Computation of residence time in, and lipid exchange
probabilities between, solvation shells

Characterizations of the lipid dynamics in the protein’s solvation shells
are made using the ‘Solvation Shells’ tool of MOSAICS?®, This tool
assigns the lipid molecules, represented in Voronoi tessellation data,
toasolvationshell based on the lipid’s neighbors. These assignments
are made using the following set of heuristics:

1. Ifthelipid shares aborder with the protein, it is a first shell lipid.

2. Ifthelipidis not a first shell lipid but shares a border with one,
thenitis a second shell lipid.

3. Ifthelipidis not a first or second shell lipid but shares a border
with one, thenitis a third shell lipid.

Following these rules, bordering lipids are determined by meas-
uring the shortest distance between Voronoi cells and requiring this
distance be within 3 A. Lipids are then assigned a solvation shell num-
ber for each trajectory snapshot (Fig. 4b). Given this approach, the
shell assignments will be susceptible to the same errors encountered
when computing spatially resolved meanresidence times. Namely, the
internal vibrations of the lipid molecules lead to spurious transitions
betweenshells that should beignoredinany serious analysis of the lipid
dynamics. We thus perform noise filtering of the shell assignments with
awidth of 50 ns as determined by the time needed to observe lipid-lipid
displacement events that initiate diffusion. In this case, the filtered
shell number assumes the value most frequently observed within the
window. Theresulting shell assignments canbe seeninFig.4b and Sup-
plementary Video 2, and these assignments are used when reporting
the number of lipids solvating each interface (Extended DataFig.2d,e).

Withthelipid molecules sortedintoshells, the dynamicsin the first
two shells are characterized. Specifically, we compute the lipid dwell
timein each shell, as well as the probability that DLPC enters one of the
shells when exchanges occur with that shell’s next neighbor. For exam-
ple, thefirstshell exchanges with the second shell, and the second shell
exchanges with the third. For lipid exchanges, we select pairs of lipids
usingacriteriondesignedtodetectbothdirectandindirect exchanges.
Adirectexchangeis defined as onein whichthe incominglipid populates
the same space previously occupied by the outgoing lipid. In contrast,
indirect exchanges occur when the outgoing transitionis accompanied
by lateral movement along the proteininterface by the remaininglipids
inthesameshell. Inthislatter case, theincominglipid can enter the shell
ataseparatelocation, ultimately occupying aspace within the shell that
isdistinct from where the outgoing lipid was positioned. To detect both
cases, we select exchange partners to minimize the time separating when
onelipid leaves the solvation shell and when the other enters.

Applyingthis approach, we find that lipid swaps are typically fast,
occurring within 10 ns or less (Extended Data Fig. 2f), and that both
direct and indirect exchanges are common. To distinguish between
eachtype, we compute the distance separating exchange partners, or

more precisely, the space occupied by each partner wheniitis in the
solvation shell of interest. Exchanges occur over a range of distances,
with many partners populating the same space and others residingin
regionsthatare severalnanometers apart (Extended Data Fig. 2g). We
notethat the exchange distances are extended for the nondimerization
interface, as evident from the emergence of a peak centered at 6 nm.
This peak corresponds to 40% of the sampled exchanges and repre-
sents events where the two lipids solvate different faces on the non-
dimerization interface (Extended Data Fig. 2h). These exchanges are
not correlated and are removed from the analysis by splitting the non-
dimerization interface into two equally sized sections, ND1and ND2,
with each having about 15 lipids on average (Extended Data Fig. 2d).
The analysis is then performed on each section separately, thereby
reducing the number of uncorrelated events substantially.

Withthe exchange partnersidentified, we group them by the leav-
ing lipid type and compute the probability that the incoming lipid is
DL (Fig. 4i and Extended Data Fig. 2i). We then compute the probability
that DL enters the first shell given that PO leaves or the probability
that DL enters when DL leaves. We note that the probability that PO
enters thesame shell, given aspecificleaving type, iscomputed as one
minus the corresponding probability for DL (Extended Data Fig. 2j).
The expected random exchange probability corresponds to the bulk
lipid molefraction, thatis, 0.3 for DLPC or 0.7 for POPC. The difference
between these bulk concentrations and the observed exchange prob-
ability thus highlights the exchange preferences in the solvation shells
around the protein (Fig. 4i and Extended Data Fig. 2i).

Error estimates are reported for these quantities by splitting the
trajectory into three equally sized segments and computing averages
over each. The s.e.m.is then computed as:

o

S.e.M.y =1/ 2)

where nis the number of measurements, in this case three, and o, is
theirs.d.

Calculations of diffusion coefficients
Diffusion coefficients (D) are computed for each lipid species using
the Einsteinrelation:

((F~0)") = 2001 3)

where n=2andis the dimensionality in which diffusion occurs, risthe
elapsed time, and (7 - 70)2) is the MSD; 7, is then a position vector
computed for the lipid’s geometric center and 7 is this vector after 7.
Of note, we only use heavy atoms, that is, excluding hydrogen atoms,
when computing rand 7. Moreover, to make the most of our data, we
let the initial time, from which we take 7,, vary. Likewise, the MSD for
each timepoint is averaged over the individual lipids. Before any cal-
culations, the molecular system is unwrapped to remove periodic
boundary effects. This step is performed using the PBC XY tool of
MOSAICS, which accounts for fluctuations in volume that, if not
removed, lead to exaggerated motions of the lipid molecules®.

Estimations of the DLPClipid enrichment factor from
exchange rates and lipid dwell times

Herewe develop arelationship betweenthelipid’smeanresidencetime,
their exchange probability, and the DLPClipid enrichment factor. The
DLPC enrichment factor is defined as:

1 ((PoL
%E = —((—)—R)IOO% 4
R \\ ppo @

where pisthelipid density for either DLPC or POPC asindicated by the
subscript and R is the corresponding ratio in the bulk, that is,
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R= [Zi] = %. In practice, p is computed as the total amount of time
PO
thelipids of the desired type are present. This can be computed as:

P = Niipig-visic X (&)

where ny,iq.isic i the total number of times the lipid visits the interface
and zistheaverage dwell time. Moreover, ny,iq..is is related to the lipid
exchange probability by:

n]ipid-visit ~ nlipid-exchange x P (6)

Where Ny exchange i the total number of lipid exchanges and Pis the
exchange probability. Plugging these results into our expression for
enrichment, we get the desired result:

1 <PDL*EDL

%E = = — — R) 100% (7)
Ppo # tpo

R

Branching fromequation (7), we can gauge the effects of the dwell
times or exchange probabilities separately. For example, if we assume
the average dwell time for POPC and DLPC is equal, then equation (7)
simplifies to:

1 /Py
i€ =7 (e

- R) 100% ®)
PO

Similarly, if we assume each exchange probability to be equal to
the corresponding lipid concentration, then we get:

%E = (f"—L - 1) 100% )
tro

Equations (7)-(9) are used to estimate the overall and individ-
ual contributions to the DLPC enrichment factor from kinetics data.
Estimates of each are provided for the first two solvation shells in
Supplementary Table 4, where s.e.m. is computed by splitting the
trajectory into three parts (n = 3) and analyzing each separately.

Contact analysis

Ordinary contacts between the protein and lipids are counted using a
distance cutoffof 3.5 A. These contacts were measured between the pro-
tein and lipids while including the full set of atoms from each. For count-
ing the number of hydrogen bonds, we use a convention that considers
the angle between the donor, acceptor, and hydrogen atoms, as well as
the distance between the donor and acceptor atoms. Hydrogen bonds
thus require the angle to be less than 30° and the distance below 3.5 A
(Extended Data Fig. 3a). Donor atom types on the protein include the
backbone and side-chain nitrogen and oxygens. Since POPC and DLPC
molecules containonly acceptor atoms, thatbeing the carbonyland phos-
phate oxygens, noacceptor typesarerequired for the protein. Salt bridges
arethencounted asselect hydrogenbonds between thelipid and charged
aminoacidsLys, Argand His (Extended Data Fig.3b). Salt bridges between
choline and charged residues Glu and Asp are weak and rarely formed
(Extended DataFig. 3c) and are excluded in the main analysis (Fig. 4f).

Calculation of free-energy changes from variations in lipid
composition

Considering thelipid dynamics observedinour all-atom MD simulations
of monomeric CLC-ecl, we seek to demonstrate that the redistribution
effectsindeed explain the shiftin the monomer-dimer equilibriumcon-
stant that is experimentally measured upon addition of DL lipids to PO
membranes. To establish this interpretation based on simulation data,
we must calculate the change in the free energy of dimerization when
thelipid composition of the membraneis altered and compare the result
withexperimental data. In principle, this problem canbe approachedin

the following two ways: a calculation might be designed to simulate the
association and dissociation of CLC-ecl monomers, in different mem-
brane conditions, deducing the dimerization free-energy in each case;
or alternatively, a series of simulations might be designed to calculate,
separately for the dimer and dissociated monomers, the free-energy gain
orlossuponachangeinthelipid composition ofthe membrane, deriving
fromtheresultsthe changein dimerization free-energy (Fig. 5b). While
the first approach seems more intuitive, it is also more prone to error,
as the mechanism of monomer-monomer recognition is unknown at
the molecular level. Thus, we follow the second approach; to do so, we
adapt a simulation methodology designed to evaluate differentials in
solvation energetics for small molecules, known as FEP*.

Here we use this ‘alchemical’ approach to transform not one sol-
ute, but the total composition of the lipid bilayer solvent. To do so,
we gradually morph randomly-selected POPC lipids into DLPC, for
both the dissociated and associated states of CLC-ecl, as well as for
a protein-free membrane, which we use as a reference. Convergence
of the calculated free energy changes requires extensive sampling;
therefore, we purposely carried out these calculations using CGMD
simulations and the MARTINI force field to facilitate this. Since the
ultimate transition from O > 30 % DLPC involves hundreds of molecules,
we split the computationinto multiple segments such that DLPC lipids
are gradually added to the system (Supplementary Table 8), which
also allows comparison with the experimental titration curves. Four
transformation steps are carried out, starting with 0 > 1%, 1> 10%,
10 > 20%, and finally 20 - 30% DLPC. Of course, the FEP methodology
is built on the assumption that the phase space dimensions are unaf-
fected by agiventransformation, thatis, the number of atoms does not
change. In cases where one or more atoms are deleted, this limitation
is circumvented by introducing dummy atoms, whose through space
interactions are muted (thatis, set to zero). For our simulations, we cre-
ateamodified DLPC molecule, referred to as DLPC*, thatisidentical to
the original DLPC but withadummy atom attached to the end of each
alkyl chain. These added beads are given standard bonding and angle
bending parameters (Supplementary Table 9), and their Lennard-Jones
terms are set to nil. MD simulations containing DLPC* are indistinguish-
abletothose containing DLPC, asindicated by established metrics like
membrane thickness and leaflet interdigitation (Extended DataFig. 7).
Notably, the dummy molecules preserve the spatial distribution of the
lipids, as can be seen by examination of the DLPC enrichment factor.

Given that DLPC* and DLPC are indistinguishable, we transform
POPC molecules into DLPC* in our FEP simulations by transforming
chainlength, saturation and energy parameters (Fig. 5a). These simula-
tions are carried out using Hamiltonian replica exchange® where the
scaling parameter Ais varied for each replica, thusimproving sampling.
Toenableerror estimates, we perform two independent simulations for
each transformation, capturing the forward and backward paths. That
is, we perform the following two simulations: one where Ais varied from
Otolaswemoveacrossthereplicas,and another where this distribution
isreversed. The estimated free energy cost for each transformation as a
function of simulation time is obtained using the GROMACS implemen-
tation of the Bennett acceptance ratio® (Extended Data Fig. 8a,b). We
notethat these distributions are slow to converge, requiring 6 pis for the
1->10%,10 > 20%,and 20 - 30% transformations and 40 psforthe 0 > 1%
condition. Inthe case of the 20 > 30% transformation, it is evident that
the systems are approaching convergence, although not entirely there
compared to the other transformations. Still, when the uncertainty in
these computationsis propagated into the solvation free energy calcu-
lations (Fig. 5c-e), the errors show that the quantities are sufficiently
converged to not change the conclusions in ameaningful way.

FEP simulations are based on the CLC-ec1 constructs simulated
inumbrellasampling simulations described next, specifically adimer
inbothassociated and dissociated states; an additional systemis con-
structed that contains no protein for reference. In cases where a pro-
tein is present, starting structures are taken from initial steps of the
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umbrella sampling simulations, that is, from the outside windows
where the monomers areinitially associated or separated by 5.5 nm. The
proteinisthenconvertedintoa CG model using the Martinize tool and
the Martini 2.2 force field parameters®. The membrane and solvent use
the Martini 2.0 force field® and are built around the protein, if present,
using the INSANE script’®. The net charge is neutralized, water is added
and the systemis buffered to 0.150 Mwith Na"and Cl” ions. An energy
minimization stepis then performed, and the systemis equilibrated at
constant pressure and temperature for 10 ns. This resultsinabox with
approximate dimensions 25.2 nm x 15.1 nm x 9.6 nm. The coordinates
of this system are used to create the initial structure for each trans-
formation by modifying select residue types in the topology file (see
Supplementary Table 8 for details). Each system is then equilibrated
for 1 s at constant temperature and pressure, thereby randomizing
the distribution of DLPC* molecules, which were selected in sequence.
This equilibration step is followed by a slow growth simulation where
the transformationis performed over the course of 20 ps. This, along
with our FEP simulations, restricts the distance between monomers
and the protein orientation, following the protocol used in umbrella
sampling simulations. The FEP simulations are then carried out using
Hamiltonian replica exchange such that A is varied for each replica.

It is important to note that the free energy cost of carrying out the
transformations is, in each case, hundreds of kilocalories per mole.
Yet the important quantity, which is how the cost differs between
the associated and dissociated states, is a small fraction of this AG
(Extended Data Fig. 8a,b). The calculations described here are thus
exceedingly challenging, as relatively small statistical errorsinthe calcu-
lated values cancompletely obscure the effect we seek to evaluate.Long
sampling times and judicial design of the alchemical transformations
are crucial to achieve complete mixing of all the lipid components and
thus minimize these errors (Extended DataFig.4b). Our simulations thus
use a set of A values derived by restricting the relative entropy between
neighboringreplicastoavalue of 1k; T or less (Extended DataFig. 8c). This
requirement ensures substantial overlap between the probability distri-
butions of neighboring replicas and results in 38 replicas for the 0 > 1%
transformation and 93 for the remaining (Supplementary Table 10).
These A distributions are determined by performing a short simula-
tion with uniform spacing and measuring the relative entropy between
neighboringreplicas. Since the Aspacing is uniform, each replicacanbe
thought of as a bin spanning the A space. These bins are then assigned a
density proportional to therelative entropy. TheAspaceis then splitinto
blocks,andthereplicas areredistributed over each based onthe density
summed over the bins within the block. Like the initial trial, the replicasin
eachblockaredistributed withequal Aspacing. Tweaks are thenmade as
needed, following another short simulation with this refined distribution.
Itisnoted that the slow growth simulation described previously provides
equilibrium structures for launching the trial simulations described
here, as well as the FEP simulations with the optimized A distribution.
Productionrunsarethen carried out with GROMACS 2018.8 (ref. 71) using
anintegration step of 20 fs and exchange moves between neighboring
replicas are attempted every 1ns. This results in an average exchange
rate of approximately 40%. The pressure and temperature areset to1 bar
and 303 K using the semi-isotropic Berendsen barostat’? along with the
velocity-rescaling algorithm’’, The electrostatics are treated with the
reaction-field method. Trajectories are collected using 6 ps for each
replicaforthel~10%,10 - 20%and 20 - 30% DLPC conditions and 40 ps
forthe 0 > 1% condition. Atotal of 16.58 ms of simulation timeisacquired.

Finally, itisworth noting that the molecular systems simulated here
containalipid-to-proteinratio that isapproximately 1,000 times smaller
compared to the experimental conditions. Thus, to mimic the experi-
mental degree of protein dilution, our simulation systems would have to
be 1000 times larger, making the calculations unfeasible at the present
time. The implication of this size discrepancy is that the number of DL
lipids available to solvate each protein molecule is much greater under
experimental conditions, and so theinhibitory effect of DL is necessarily

more pronounced inexperiment (Extended DataFig. 5). Tocompare with
simulation, therefore, we must factor out this size effect. Asimple way to
do sois to compare calculated and experimental free-energy values in
reference tothelargest DL molar fraction, thatis the conditionin which
the DL enrichment is not limited by the number of DL lipids available,
in either protein state; if we do this by comparing changes relative to
the20% DL condition, thereis clear agreement between calculated and
measured shifts in the dimerization free-energy (Fig. 5e).

Computations of the change in lipid solvation free energy, AAG
AGvaluesarereported for each transformation as the average over the
forward and backward paths such that:

1
AGo_1x = 5 (AGoxf + AGooxp) (10)

where the subscripts fand brefer to the forward and backwards paths,
whereasxisaplaceholder for the associated state (a), dissociated state
(d) oramembrane absent of any protein (m). Similarly, 0 > lindicates
that the transformation is made from 0% to 1% DLPC. It then reasons
thatthe free energy change taken over the full transformation, thatis,
fromzeroto thirty percent DLPC, is given as the sum of the individual
steps:

AGo-30x = AGoo1x + AGi10,x + AGio-20.x + AGr0-30.x (11

Using equation (11), the solvation energy is computed as:
|
AGy 30,4 = AGo-30,4/d — AGo—30m (12)

where the subscript a/d indicates the corresponding energy for the
associated or dissociated state. Similarly, AAG,_,5o is computed as:

AAGy-30 = AGo-30,4 — AGo-30,4 13)

Itisnoted that, while the examples shown here focus on the com-
plete transformation, the equations are easily adaptable to partial
transformations, suchas 0 > 1%, 0 > 10% or 0 > 20%. Moreover, we note
thatthe s.e.m.isnot computed for these free energies, as we only have
twoindependent samples. However, we do include theindividual data
pointsinFig. 5, as differences between the forward and backward paths
quantify the simulation convergence. This property emerges since
the free energy is a state function. Consequently, both paths should
provide similar results within sampling variability.

Umbrella sampling simulations

The membrane’s contribution to the association free energy of the
CLC-ecldimeris computed using umbrellasampling simulations. These
simulations span multiple states of the association reaction for three dif-
ferent molecular systems, including anative dimer in POPC, anon-native
dimer in POPC, and a native dimer in a 3:7 mixture of DLPC and POPC.
In each case, multiple copies of the molecular system, referred to as
windows, are simulated, where abiasing potentialis applied to targeta
specificintersubunitdistance that varies for each window. These biasing
potentials are used toimprove sampling along the reaction coordinate,
whichistheintersubunit distance of the protomers, thus providing an
improved estimate of the free energy profile thatisrecovered in posta-
nalysis using methods like the weighted histogram analysis method™.
Since extensive simulation timeis required to ensure proper sampling
of all windows, we use a CG representation of the molecular systems
using the MARTINI force field in the current study.

The first two molecular systems are constructed by inserting
CLC-ecl dimers into a pre-equilibrated membrane patch containing
pure POPC; the mixed membrane systemis then considered. The initial
membrane patchis constructed by placing POPC moleculesinside abox
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withdimensions 25 nm x 25 nm x 10 nm. Following this step, the bilayer is
hydrated and buffered with 0.150 MNaCl. Asimulationis then performed
for20 pstoallowthe lipid moleculesto redistribute away fromtheir ini-
tial configuration. The equilibrated membrane patchis used to construct
aseries of CGmodels, each of whichis used for awindowin the first two
umbrellasampling simulations. These models include a CLC-ecldimer
whose protein orientationis varied, giving rise to anative and non-native
dimer, where the dimerizationinterface of one protomer faces the other
forthe native dimerbut not for the non-native (Extended DataFig. 6a,b)”.
Models for the native dimer are built using coordinates from the CLC-ecl
crystal structure (PDBID:10TS)*, while the non-native dimer is created
using the HDOCK server’. Inboth cases, the proteinis truncated, remov-
ingthefirst 30 residues since these were shownto be highly flexibleina
previous study®. The protein is then converted to a CG representation
using the Martinize script, and the protomers are translated along thex
axisinincrements of 0.05 nmto achieve anintersubunit distance ranging
from0.0 nmto 5.5 nm. These translations resultinatotal of 111 windows
for both the native and non-native dimers.

Given the proper orientation and separating distance, each
protomer is embedded into the pre-equilibrated membrane patch,
and the resulting molecular system is subjected to a pair of energy
minimization steps followed by afour-stage equilibration that restrains
the backbone beads of the protein while the lipids equilibrate around
the protein. Productionruns are then performed, where each window
is simulated for 10 ps. The production runs use the velocity-rescale
algorithm” and the semi-isotropic Parrinello-Rahman barostat’”’ to
maintainthe temperature and pressure of 310 K and 1 bar, respectively.
Notably, our simulations introduce a restraint that maintains the dis-
tancebetween the protomers and asecond that fixes each protomer’s
orientation relative to the other. Abumper potential isalso added that
penalizes the formation of interprotomer contacts.

Because each simulated window varies the distance separating
the CLC-ecl protomers, this distance defines the reaction coordinate
used when describing the free energy of association. We thus define
this separating distance by introducing two sets of atoms from each
protomer and computing the geometric center of each set. These cent-
ers are shown as G, and G, in Extended Data Fig. 6a,b, and the specific
atoms that make the setsare provided in Supplementary Table 11. Next,
asingle pointis computed for each protomer as the center of points G,
and G,. This point defines the center of each protomer and the distance
between them is restrained at their initial distance taken when the
simulation is started, which, due to the translations described previ-
ously, ranges from 3.4 nmto 8.9 nmfor the native dimerand 3.8 nmto
9.3 nmfor the non-native dimer. The restraints described here consist
of harmonic potentials with a force constant of 2,000 k) mol™ nm~and
areintroduced during the simulation using PLUMEDS,

In addition to the separating distance just described, the protein
orientationis also maintained by introducing a second set of restraints
designed to prevent rotation around the zaxis while maintaining fluc-
tuations in the protein tilt angle. Typically, these restraints do not
affect the sampling of the internal configurational space. However,
they are introduced here to maintain either the native or non-native
dimers throughout the simulations. The restraints work by fixing
the y-component of the centers G, and G,, that is, these centers are
restrained to the XZplane. Anadditional center is then computed as the
center of the two protomer’s geometric centers, that is, this new center
definesapointdirectly between the two subunitsandisrestrainedtoa
line by holding fixed the xand zcomponents. Bothrestraints described
here are implemented using the upper- and lower-WALLS options
available in PLUMED and use a force constant of 2,000 k) mol* nm™.

With theintersubunit distance and the protein orientation fixed,
anadditional potential, referred to as abumper potential, is added to
our simulations that penalizes the formation of interprotomer con-
tacts. This bumper is needed since we are primarily interested in the
membrane’s contributionto the association energy. The bumper aids

inthis task by providing avisual cue in the free energy profile indicating
that the subunits areinteracting with each other. The bumper is applied
using PLUMED and adds a repulsive term based on the minimum dis-
tance between the backbone atoms of each protein unit. For our simula-
tions, the CGbeads lining the surface of the protein’s transmembrane
region are selected, resulting in 207 atoms from each protomer. The
bumper is then defined using a flat bottom potential of the form:

: (14)

E(ﬁmin) = K(‘Smin - 6rep)
where Kis the force constant set to 2,000 k) mol™ nm2, §,.,,is the mini-
mum distance between the two groups of selected backbone atoms
and 6, is the distance at which the potential activates; this distance
ischosen as 1.2 nm, and the protomers are repelled for any minimum
distance smaller than this.

Following our umbrellasampling simulation exploring the associa-
tion of anative dimer in pure POPC, we perform an additional oneina
mixture of DLPC and POPC. The initial structure is taken from the last
frame of the corresponding simulation in pure POPC, and 30% of the
lipids are randomly selected from each leafletand converted to DLPC.
The windows are then simulated for 35 ps, each using the same settings
described before. With adequate sampling from each of the three
molecular systems, the unbiased potential of mean forceis recovered
using weighted histogram analysis method” (using a publicly available
implementation’’) and the error estimates are computed by splitting
the trajectory into five pieces, analyzing each independently, and
reportingthes.d.for each datapoint. Wheninterpreting the potential
of mean force, we consider the number of interprotomer contacts
formed at each separating distance. This quantity is computed by pool-
ing snapshots from the different windows based on the instantaneous
intersubunit distance between subunits. This quantity isnormalized by
the number of contacts observed in the native dimer (Fig. 6d).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The datareported in this study includes total internal reflection fluo-
rescence (TIRF) microscopy images, functional efflux recordings,
fluorescence spectra and MD simulation trajectories. Due to file size
limitations, raw TIRF images and MD trajectories will be provided after
publication uponrequestto].L.R. Alldatawill be archived at Washing-
ton University. The analyzed source data for the figures in this paper
were provided to the journal as Supplementary Information, and a
minimal subset of the raw data files, along with FEP parameters and
source data files, have been uploaded on the online data repository
Zenodo (https://doi.org/10.5281/zenod0.16897514)%°, Source data are
provided with this paper.

Code availability
The code used for analyzing the simulated trajectories described in this
studyisavailable online: https://github.com/MOSAICS-NIH/MOSAICS.

References

54. Walden, M. et al. Uncoupling and turnover in a Cl'/H" exchange
transporter. J. Gen. Physiol. 129, 317-329 (2007).

55. Dutzler, R., Campbell, E. B. & MacKinnon, R. Gating the selectivity
filter in CIC chloride channels. Science 300, 108-112 (2003).

56. Robertson, J. L., Kolmakova-Partensky, L. & Miller, C. Design,
function and structure of a monomeric CIC transporter. Nature
468, 844-847 (2010).

57. Faraldo-Gomez, J. D. & Roux, B. Electrostatics of ion stabilization
in a CIC chloride channel homologue from Escherichia coli.
J. Mol. Biol. 339, 981-1000 (2004).

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology
https://doi.org/10.2210/pdb1OTS/pdb
https://doi.org/10.5281/zenodo.16897514
https://github.com/MOSAICS-NIH/MOSAICS

Article

https://doi.org/10.1038/s41589-025-02032-w

58. Staritzbichler, R., Anselmi, C., Forrest, L. R. & Faraldo-Gémez, J. D.
GRIFFIN: a versatile methodology for optimization of protein-lipid
interfaces for membrane protein simulations. J. Chem. Theory
Comput. 7, 1167-1176 (2011).

59. Phillips, J. C. et al. Scalable molecular dynamics on CPU and GPU
architectures with NAMD. J. Chem. Phys. 153, 044130 (2020).

60. Shaw, D. E. et al. Anton 2: raising the bar for performance and
programmability in a special-purpose molecular dynamics
supercomputer. In Proc. International Conference for High
Performance Computing, Networking, Storage and Analysis
41-53 (IEEE, 2014).

61. Best, R. B. et al. Optimization of the additive CHARMM all-atom
protein force field targeting improved sampling of the backbone
¢, y and side-chain x' and X2 dihedral angles. J. Chem. Theory
Comput. 8, 3257-3273 (2012).

62. Lippert, R. A. et al. Accurate and efficient integration for
molecular dynamics simulations at constant temperature and
pressure. J. Chem. Phys. 139, 164106 (2013).

63. Jensen, M. @. et al. Mechanism of voltage gating in potassium
channels. Science 336, 229-233 (2012).

64. Pan, A. C. et al. Atomic-level characterization of protein-protein
association. Proc. Natl Acad. Sci. USA 116, 4244-4249 (2019).

65. Bilow, S., von, Bullerjahn, J. T. & Hummer, G. Systematic errors
in diffusion coefficients from long-time molecular dynamics
simulations at constant pressure. J. Chem. Phys. 153, 021101 (2020).

66. Fukunishi, H., Watanabe, O. & Takada, S. On the Hamiltonian
replica exchange method for efficient sampling of biomolecular
systems: application to protein structure prediction. J. Chem.
Phys. 116, 9058-9067 (2002).

67. Bennett, C. H. Efficient estimation of free energy differences from
Monte Carlo data. J. Comput. Phys. 22, 245-268 (1976).

68. Monticelli, L. et al. The MARTINI coarse-grained force field:
extension to proteins. J. Chem. Theory Comput. 4, 819-834 (2008).

69. Marrink, S. J., Risselada, H. J., Yefimoy, S., Tieleman, D. P. & de
Vries, A. H. The MARTINI force field: coarse grained model for
biomolecular simulations. J. Phys. Chem. B 111, 7812-7824 (2007).

70. Wassenaar, T. A., Ingolfsson, H. |., Bockmann, R. A., Tieleman,

D. P. & Marrink, S. J. Computational lipidomics with insane: a
versatile tool for generating custom membranes for molecular
simulations. J. Chem. Theory Comput. 11, 2144-2155 (2015).

71. Bekker, H. et al. Gromacs—a parallel computer for
molecular-dynamics simulations. In Proc. 4th International
Conference on Computational Physics (PC 92) (eds DeGroot, R. A.
& Nadrchal, J.) 252-256 (World Scientific Publishing, 1993).

72. Berendsen, H. J. C., Postma, J. P. M., Gunsteren, W. F., van, DiNola,
A. & Haak, J. R. Molecular dynamics with coupling to an external
bath. J. Chem. Phys. 81, 3684-3690 (1984).

73. Bussi, G., Donadio, D. & Parrinello, M. Canonical sampling through
velocity rescaling. J. Chem. Phys. 126, 014101 (2007).

74. Kumar, S., Rosenberg, J. M., Bouzida, D., Swendsen, R. H. &
Kollman, P. A. THE weighted histogram analysis method for free-
energy calculations on biomolecules. |. The method. J. Comput.
Chem. 13,1011-1021 (1992).

75. Ozturk, T. N. et al. Mitigation of membrane morphology defects
explain stability and orientational specificity of CLC dimers. Preprint
at bioRxiv https://doi.org/10.1101/2023.03.16.533024 (2023).

76. Yan,Y., Tao, H., He, J. & Huang, S.-Y. The HDOCK server for
integrated protein-protein docking. Nat. Protoc. 15, 1829-1852
(2020).

77. Parrinello, M. & Rahman, A. Polymorphic transitions in single
crystals: a new molecular dynamics method. J. Appl. Phys. 52,
7182-7190 (1981).

78. Bonomi, M. et al. PLUMED: a portable plugin for free-energy
calculations with molecular dynamics. Comput. Phys. Commun.
180, 1961-1972 (2009).

79. Grossfield, A. WHAM: the weighted histogram analysis method.
Version 2.0.10. membrane.urmc.rochester.edu/wordpress/?page_
id=126 (2023).

80. Bernhardt, N. et al. Minimal raw dataset and source data files
for Bernhardt, et al., NCB, 2025. Zenodo https://doi.org/10.5281/
zenodo.16897514 (2025).

81. Boerner,T.J., Deems, S., Furlani, T.R., Knuth, S. L. & Towns, J. ACCESS:
advancing innovation: NSF’s advanced cyberinfrastructure
coordination ecosystem: services & support. In Proc. Practice and
Experience in Advanced Research Computing 2023: Computing
for the Common Good 173-176 (ACM, 2023).

Acknowledgements

The Faraldo-Gémez lab was funded by the Division of Intramural
Research of the National Heart, Lung, and Blood Institute (NHLBI),
National Institutes of Health (NIH). The Robertson lab is supported
by the National Institute of General Medical Sciences, NIH
(RO1GM120260 to J.L.R. and R.C. and RO3NS133680 to J.L.R.).

This study received funding in whole or in part by the NIH. It is
subject to the NIH Public Access Policy. Through acceptance

of this federal funding, NIH has been given a right to make this
paper publicly available in PubMed Central on the official date of
publication. Computing resources were in part provided by the NIH
supercomputer Biowulf, Bridges-2 at the Pittsburg Supercomputing
Center (PSC) through allocation MCB200217 from the Advanced
Cyberinfrastructure Coordination Ecosystem: Services & Support
(ACCESS) program®, which is supported by the U.S. National
Science Foundation (grants 2138259, 2138286, 2138307, 2137603
and 2138296). Anton 2 computer time was provided by PSC (through
grant RO1GM116961) from the NIH through allocation MCB170100P.
The Anton 2 machine at PSC was made available by D.E. Shaw
Research. We thank F. Marinelli (NHLBI, NIH) for useful discussions on
the design of the FEP calculations, as well as K. Struve (University of
lowa) and R. Stix (NHLBI, NIH) for technical help in these studies.

Author contributions

R.C. carried out the experimental studies. The Anton simulation was
designed by J.D.F.-G., J.L.R. and A.G.-L., run by A.G.-L. and analyzed
by N.B. FEP simulations were designed by J.D.F.-G., N.S. and N.B., and
analyzed by N.B. Umbrella sampling simulations were designed by
T.N.O., J.D.F.-G., J.L.R. and S.Z., and analyzed by S.Z. Analysis software
was designed by N.B. and J.D.F.-G., and coded by N.B. The paper was
written by J.L.R., N.B. and J.D.F.-G., and all authors participated in
revisions. J.L.R. and J.D.F.-G. conceived of the project, supervised all
aspects of the work and obtained funding to support the research.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/
s$41589-025-02032-w.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41589-025-02032-w.

Correspondence and requests for materials should be addressed to
Janice L. Robertson or José D. Faraldo-Gémez.

Peer review information Nature Chemical Biology thanks Robin
Corey, Ilya Levental, and Ed Lyman for their contribution to the peer
review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology
https://doi.org/10.1101/2023.03.16.533024
http://membrane.urmc.rochester.edu/wordpress/?page_id=126
http://membrane.urmc.rochester.edu/wordpress/?page_id=126
https://doi.org/10.5281/zenodo.16897514
https://doi.org/10.5281/zenodo.16897514
https://doi.org/10.1038/s41589-025-02032-w
https://doi.org/10.1038/s41589-025-02032-w
https://doi.org/10.1038/s41589-025-02032-w
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41589-025-02032-w

PE/PG 2:1

PO/DL 70:30

28

31

B PC (PO/DL 70:30) PE/PG 2:1 (PO/DL 70:30)
~ - i '\&
% & B
§ 1 ) J
3 L -
3 " .4
3 = -
5
£ - . 4 ¥

3.3 -100 -50 0 50 100
membrane thickness (nm) DL lipid enrichment factor (%)
=
C D % 1.0 o
0 8 g—2—o 9 5 w
o )
™ 3 £
E 2 0.5-
= =
[} (1]
£ 2:1 PEIPG 2:1 PEIPG 2
S PO 1:4 DL/PO -
00— 71— 0L0O——T——T—T—T
01 2 3 45 6 0 1 2 3 4 5 6
FT Cycle FT Cycle 2.0
o]

=1.0- 2 157
& 9 2
- o © & 1.0
g F 05|
2051 o o < 0.5 3
E PC PC 0.0-

z PO 1:4 DL/PO C L O L
00— T 000—T—T—T—T—T7 ) o\> QCJ‘ Q\>
01 2 3 45 6 0 1 2 3 45 6 Q("@ R R
FT Cycle FT Cycle S & &

’\Q@
q

Extended Data Fig. 1| Comparison of PC and PE/PG membranes. (a) Membrane
thickness maps from coarse-grained molecular dynamics simulations of

the CLC-ec1 monomerin POPC,70% POPC/30% DLPC, 2:1POPE/POPG and
70%P0/30% DL in 2:1PE/PG. PE/PG trajectory data were fromref. 25. (b) DL
enrichment maps for 70% PO/30% DL simulations in PC vs. 2:1 PE/PG headgroups.
Experimental measurements of membrane fusion by ratiometric FRET from
0.02%NBD and 0.1% RhB combined liposomes as a function of freeze/thaw cycle.
(c) Normalized FRET from liposome samples measured after each freeze/thaw

(FT) fusion cycle. The data were normalized between the negative control signal
from the combination of NBD and RhB samples prior to fusion (set to 0) and the
positive control signal from the NBD/RhB co-labeled liposomes (set to 1). Data
isrepresented explicitly for n = 2 biological replicates. Data were fit to asingle
exponential association function to estimate the (d) plateau FRET and half-time
(t,,) for maximal fusion as a function of freeze/thaw cycles. Data represented
asthe mean over n =2 biological replicates, with explicit data points overlaid as
scatter points.
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Extended Data Fig. 2| Characterization of lipid dynamics in the 1st and 2nd
solvation shells of a CLC-ecl monomer from all-atom molecular dynamics
simulations. (a) Fraction of lipids to visit the inner solvation shell of the protein
for atleast 100 ns computed as a function of simulation time. Data averaged over
theinner and outer leaflets. (b) Distribution of dwell times for lipids located in
CLC’s1stor (c) 2nd solvation shells, at dimerization (D) and non-dimerization
(ND) interfaces. Dwell times decay according to a power law with indicated
exponent. Probability that the protein’s first (d) or second solvation shell (e), or
asegment of these shells lying adjacent to the dimerization or non-dimerization
interface, contains a varying number of lipids. The non-dimerization interface
is subdivided into two segments, ND1and ND2, when analyzing lipid exchanges
(Fig.1a) and the number of lipids occupying these segments is also provided.
The number of lipids shown is for asingle leaflet, averaged over the inner and
outer leaflets. (f) The time taken for lipid exchanges as measured by subtracting

when alipid leaves the solvation shell from the time at which the incoming lipid
arrives. (g) The distance between exchange partners. The peak corresponding
to uncorrelated eventsis indicated. (h) Due to the size and shape of the
non-dimerizationinterface, we splititinto 2 equally sized sections as indicated
with the dashed lines and labels ND1and ND2. By performing the lipid exchange
analysis on ND1and ND2 separately, uncorrelated events, like the example shown
here with arrows, are removed. This is seen by areduction in the peak centered
at6 nmin panel g. (i) Probability of DL exchanging with aleaving lipid (X =DL or
PO) for the first (cyan) and second (purple) solvation shells like shown in Fig. 4i.
Datarepresent mean + SEM for n = 3 technical replicates, obtained by splitting
the full trajectoryinto 3x13.3 us non-overlapping segments and calculating the
mean residence time from each individual segment (overlaid scatter points). For
comparison (j), the probability is shown when PO exchanges with aleaving lipid
(mean + SEM for n =3 technical replicates).
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Extended Data Fig. 3| Counting salt bridges between lipids and the CLC-ecl Histidine (His), Glutamate (Glu), and Aspartic acid (Asp). (c) The number of salt
subunit. (a) The angle between donor, acceptor, and hydrogen atoms used bridges formed between the choline group and negatively charged residues
when counting hydrogen bonds. The cutoff angle and distance are 30°and 3.5 A, Gluand Asp. These interactions are weak due to the many electron-donating
respectively. (b) Salt bridges are counted as select hydrogen bonds between methyl groups found on choline and are thus excluded in our main analysis of salt
POPC/DLPC molecules and charged amino acids Arginine (Arg), Lysine (Lys), bridges (Fig. 4f).
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Extended Data Fig. 4 | Evaluation of lipid mixing in free energy perturbation for theinitial state of the first transformation since no DLPC lipids are present
simulations. (a) Two-dimensional projection of the enrichment factor shown for and thus the enrichment factor is undefined. (b) The fraction of lipids in the
the outer leaflet only and for the initial and final states of each transformation, molecular system to visit the inner solvation shell of each lipid as the simulation
where the initial state corresponds to lambda 0 and the final state lambda 1. For progresses. A cutoff distance of 1.1 nmis used for identifying first shell lipids.

convenience, data is shown for the forward path only. Gray regions represent low Datais averaged over all lipids in the molecular system at each timepoint.
lipid density that roughly corresponds to the protein’s location. No data is shown
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Extended DataFig. 5| Free energy changes associated with CLC-ecl
dimerization as afunction of PO/DL lipid mixtures. (a) AAG determined

from free energy perturbation calculations (black) is compared to free energy
changes measured from single-molecule photobleaching experiments of
CLC-ecl dimerization stability in 2:1PE/PG lipid bilayers as a function of % DL vs.
PO (red, experimental data from ref. 25). It is noted that the molecular systems
simulated here contain alipid-to-protein ratio that is 1,000 times smaller

than the experimental system. The implication is that the number of DL lipids
available to solvate each protein molecule is much greater under experimental
conditions, and the inhibitory effect of DL is necessarily more pronounced

in experiment. To compare with simulation, we factor out this size effect by
comparing the calculated and experimental free-energy changes in reference
to the largest DL molar fraction studied, that is, the condition in which the DL
enrichment is not limited by the number of DL lipids available, in either protein
state. Thus, comparing changes relative to the 20% DL condition (Fig. Se) shows

1.0 -] AAG = 2.5 keal mol ™"
T Kp=1x10®
0.8+ Kpp=7x107
AFpimer)
0.6 i
0.4
0.2
0.0 +—=fF—T—F——T—T— T
1011101210 10 107 10 105 10 10 102

% (subunits/lipid)

the agreement between calculated and measured shifts in the dimerization
free-energies. For the experimental results, data represents mean + SEM (red) for
1% and10% DL, with n=5and n =3 biological replicates, respectively. For20% DL,
n=2,andso the datais shown as the average and individual scatter points (pink).
For the FEP calculations, the values obtained from simulating the forward and
backward paths represent n =2 technical replicates and are shown as gray dots.
Theblack trace follows the average of the two paths. (b) Example dimerization
isotherms corresponding to CLC-ecl association in PO membranes (for example,
Kp; =1x10"8subunits/lipid) and DL/PO membranes (for example, K, =7 x107
subunits/lipid), reflecting aA4G = 2.5 kcal mol™ change in association stability.
The difference in dimerization between these two curves as a function of mole
fraction (x subunits/lipid), showing how the protein populationis expected

to change between dimers and monomers because of the change in lipid
composition, and as a function of expression density.
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4.3 nm

Extended Data Fig. 6 | Reaction coordinate used to restrain intersubunit
distance in umbrella sampling simulations and an example taken from

the trajectory. (a) Native and (b) non-native dimer models shown from the
extracellular side of the membrane (top) and within the membrane core
(bottom). CLC-ecl protomers are displayed in cartoon representation, colored
white and gray. Four transmembrane helices forming the native dimerization
interface are overlaid asatransparent surface in orange and blue. In each
protomer, alpha carbons of residues used in the inter-subunit distance
calculation are shown, represented as orange or blue spheres. Backbone beads of
residues were grouped into four centers (Gland G2 per promoter) and used for

defining the restraints that kept the inter-subunit distance at a fixed value while
ensuring that dimerization interfaces of two subunits always face each other.
Lists of these residues for the native and non-native dimer models are presented
inSupplementary Table 11. (c) Snapshot taken from the umbrella sampling
simulations of the native dimer in POPC where the distance separating the
protein centers is consistent with the free energy minimum, that is a distance of
4.3 nm. This snapshot shows a single layer of lipids with reduced packing density
remains between the protomers and is consistent with other states of the same
separating distance. The lipid vectors are plotted to depict actual lipid densities
around the protein.

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology

Article

https://doi.org/10.1038/s41589-025-02032-w
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Extended DataFig. 7 | Properties of dummy DLPC* molecules used in

FEP simulations compared to native DLPC. FEP methodology is built on

the assumption that the phase space dimensions are unaffected by a given
transformation, that is, the number of atoms does not change. In cases where
one or more atoms are deleted, this limitation is circumvented by introducing

dummy atoms, whose through space interactions are muted (that is, set to zero).

For our simulations, we create amodified DLPC molecule, referred to as DLPC*,
thatisidentical to the original DLPC but with a dummy atom attached to the end

Number of interleaflet

Dimer

Monomers

5.0 75 -50 0 50

DLPC lipid enrichment factor

100

contacts

of each alkyl chain. These added beads are given standard bonding and angle
bending parameters and Lennard-Jones terms are set to nil. (a) Three metrics

are compared for the associated CLC-ecl dimer systems containing a mixture of
POPC and native DLPC molecules and systems containing POPC and DLPC*: (left)
membrane thickness, (middle) number of interleaflet contacts (outer leaflet
only), and (right) DLPC enrichment factor (outer leaflet only). (b) Same analysis
asin (a) but for the dissociated monomers.
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Extended Data Fig. 8| Convergence of free energy perturbation simulations. transformations carried out in the associated and dissociated states is indicated
(a) Estimated free energy cost to transform POPC molecules into DLPC by vertical arrows. (b) Same as (a) but for a protein-free lipid bilayer. (c) Lambda
monitored over the course of the free energy perturbation simulations. The values are selected to ensure overlap between the probability distributions of
transformations were performed for amolecular system containing a lipid neighboring replicas, where overlap is considered sufficient when the pair’s
bilayer with an embedded CLC dimer in the associated or dissociated states. relative entropy is less than 1 k;T. Entropy values are shown for replicas, whose
Datais shown for the forward and backward paths, which tend toward acommon lambda value is given on the x-axis, and the neighbor to the right for the forward
value when sufficient sampling is obtained. The free energy difference between path or left for the backward path.
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