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Abstract

Direct interactions with lipids have emerged as key determinants of the folding, structure and
function of membrane proteins, but an understanding of how lipids modulate protein
dynamics is still lacking. Here, we systematically explored the effects of lipids on the
conformational dynamics of the proton-powered, multidrug transporter LmrP utilizing the
pattern of distances between spin label pairs previously shown to fingerprint alternating
access of the protein. We uncover at the molecular level how the lipid headgroups shape the
conformational energy landscape of the transporter. The model emerging from our data
hypothesizes a direct interaction between lipid headgroups and a conserved motif of charged
residues that control the conformational equilibrium through an interplay of electrostatic
interactions within the protein. Together, our data lay the foundation for a comprehensive

model of secondary multidrug transport in lipid bilayers.

There is overwhelming consensus that the biological membrane must play a critical
role in membrane protein structure, stability and function owing to its unique physicochemical
properties such as dielectric constant, lateral pressure, curvature and thickness '°. It has
long been recognized, primarily from crystal structures, that lipid molecules directly interact
with membrane proteins with high affinity "°. However, only recently did direct experimental
evidence reveal that bound lipids can affect folding, impart stability and modulate the function

and physiological role of membrane proteins '®'°

. For example, lipids act as allosteric
modulators of the P2 adrenergic receptor activation by its cognate ligands '®. In dopamine-
mediated neurotransmission, the lipid PIP, controls signaling events associated with
physiological and behavioral consequences " and computational models have hypothesized
interactions of PIP, with specific structural elements of neurotransmitter transporters '®°.

Because most membrane proteins undergo transitions between distinct conformations, the

lipid modulation of their function must be underpinned by direct effects on the underlying
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dynamics “°. However, to our knowledge, a detailed analysis of how lipids shape the

conformational energy landscape of a membrane protein has not been carried out.

Here we elucidate the mechanism by which specific lipid molecules modulate the
stability of distinct states of the multidrug transporter LmrP from Lactococcus lactis. LmrP, a
member of the Major Facilitator Superfamily (MFS), couples the downhill translocation of
protons along their transmembrane gradient to the uphill transport of hydrophobic cytotoxic

compounds 2"

. Unlike substrate-specific MFS transporters, multidrug antiporters have
evolved to be polyspecific and to potentially bind their substrates from the inner leaflet of the
bilayer 2. Their ability to bind structurally and chemically dissimilar substrates challenge
the notions of high-affinity substrate binding and strict ion-substrate coupling %2,
Furthermore, the active efflux of diverse cytotoxic compounds through secondary multidrug
transporters contributes to bacterial antibiotic resistance 2>2°*°. In this context, an accurate

description of the mechanism of these transporters in a native-like environment would be

valuable from a fundamental as well as a clinical standpoint.

We recently described the proton- and substrate-dependent alternating access of
LmrP in detergent micelles *' using a systematic DEER analysis of distances between spin
label pairs on the extracellular and intracellular sides of the transporter *2. We identified two
conformations of LmrP in equilibrium: outward-facing poised to bind protons and inward-
facing from which protons are released. Mapping of the structural rearrangements at basic
and acidic pH values established that the protonation state of key acidic residue(s) is the
main trigger for the transition between outward-open and inward-open conformations.
Specifically a conserved aspartate (D68) was shown to control the energetics of the
equilibrium between the two conformations. Residue 68 is part of the signature motif of the
MFS * and is highly conserved across different organisms ?. In parallel, a structure of the
MFS drug transporter, YajR, identified this residue as a key contributor to the stability of the

outward-facing conformation trapped in the crystal *.



In this work, we demonstrate in unprecedented details how specific interactions
between lipid headgroups and a conserved network of charges shift the proton- and
substrate-dependent equilibrium between inward- and outward-facing conformations of
LmrP. DEER distance measurements were carried out using selected spin label pairs of the
transporter reconstituted in nanodiscs > of varying lipid compositions. We found that while
the two conformations identified in detergent micelles persists in lipid bilayers, the apparent
pK of the conformational transition is shifted by close to two pH units. This shift appears to be
the consequence of lipid headgroup-dependent stabilization of the inward-facing
conformation. To dissect the origin of selective preference for this conformation in lipids, we
carried out a systematic mutagenesis of residues in a charge network hypothesized to
modulate the interactions which stabilize the outward-facing conformation. Our data suggest
a model in which lipid headgroups interact with this charge network thereby stabilizing an

inward-facing conformation.



Results

Conformational dynamics of LmrP in lipid bilayers

We monitored the ligand-dependent conformational changes of LmrP in lipid bilayers
by distance measurements of spin labeled cysteine mutants reconstituted in nanodiscs.
Twelve double cysteines mutants, six on each of the cytoplasmic and extracellular sides of
the transmembrane helices (TMs), were selected based on previous results and predictions
from homology models *'. On each side, four cysteine pairs probe distances between the N-
and C-terminal lobes, while the other two pairs are located within the same lobe. Following
verification of the stability and functional integrity of the mutants (Supplementary Fig.6 and
31), they were reconstituted in nanodiscs composed of E.coli polar lipids (see Methods) which

were previously shown to support proton-coupled transport by LmrP 337,

Since LmrP utilizes proton translocation down a transmembrane gradient to power
the transport of structurally dissimilar substrates, we studied the structural rearrangements
induced by changes in proton concentration (i.e. changes in pH) or following addition of LmrP
substrates, either Hoechst 33342 or Ethidium Bromide (EtBr). For this purpose, distance
measurements were carried out at pH8 (low proton concentration), pH6 (high proton
concentration) and pH8 with substrate. We observed that an increase in proton concentration
or addition of Hoechst 33342 results in major structural rearrangements between the N- and
C-terminal lobes (Fig.1). Low pH suppresses the long distance component on the
extracellular side (Fig.1 a), concomitant with a shift in the distributions on the cytoplasmic
side (Fig.1 b) to a pattern characteristic of the inward-facing conformation reported previously
¥ The pattern of distance changes observed in the presence of the substrate Hoechst 33342
is opposite to that at low pH demonstrating that substrate binding favors the outward-open

conformation (Fig.1 a-b).

By comparison, the pairs within the same lobe show minor changes at low pH or upon
addition of Hoechst 33342 (Supplementary Fig.1), with the exception of the TM4-TM5

extracellular pair (Supplementary Fig.1 a) and the TM8-TM11 cytoplasmic pair
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(Supplementary Fig.1 b). We note that the LmrP substrate EtBr barely alters the distance
distributions (Supplementary Fig.2 and Supplementary Fig.1 c), demonstrating a specificity of
the conformational changes to the binding of Hoechst 33342. To demonstrate that EtBr binds
LmrP, distance measurements were carried out using the TM10-TM8 pair, previously shown
to be sensitive to the presence of bound substrate(s) *'. In the absence of EtBr, the distance
distribution is broad and the peaks are poorly defined. However, in the presence of EtBr, the
distance distribution displays a narrow peak, indicative of a local ordering of LmrP upon

substrate binding (Supplementary Fig.2).
Reconstitution of LmrP in lipid bilayers stabilizes the inward-open conformation

While the sign and amplitude of the substrate and pH-dependent distance changes
are consistent with those previously reported in detergent micelles ¥ the presence of the
lipid bilayer shifts the conformational equilibrium towards the inward-facing conformation at
both pH values in Fig.1. To investigate the origin of this change in equilibrium, we
systematically compared the pH-dependence of the distance distributions in nanodiscs to
that obtained in detergent micelles. Distance measurements were performed in the pH range
from 4.5 to 8.5 using one distance reporter on each of the extracellular and cytoplasmic sides
of the transporter (Fig.2). Visual inspection of the distance distributions for both reporters
shows that, at all pH values, the component(s) characteristic of the inward-open
conformation are largely dominant when the transporter is reconstituted into lipids, compared

to the transporter in detergent micelles.

To obtain a pH titration curve, the changes in amplitude of the distance components,
each representing a conformational state, were quantitatively determined by global analysis
of the raw DEER decays for the same spin label pair at different pH values (see Methods).
This fitting procedure assumes that the same components (defined by the average distance
and the width) are present in each dataset, but their amplitudes are allowed to vary in
response to different biochemical conditions (i.e. pH) *%. The resulting titration curve,

depicting the population of the inward-open component (Fig.3) versus pH, has a typical
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sigmoidal shape with an inflection point at the apparent pK of the transition from one state to
the other. On the extracellular side, the apparent pK is 4.7+£0.3 for the detergent solubilized
protein and increases to 6.9 +0.2 in bilayers of E.coli polar lipids (Fig.3 left panels). On the
cytoplasmic face, this value is 5.91£0.2 in detergent micelles and 7.3 £0.1 in the lipid bilayers
(Fig.3 right panels). Thus, lipids are a determinant of the pH-sensitivity of the global

conformational transition of LmrP.
A charge network controls the conformational preferences in lipid bilayers

We have previously shown that, in detergent micelles, the pH dependence of the
conformational equilibrium is determined to a large extent by the protonation state of the
highly conserved residue D68 *'. A structural interpretation of this result emerged from
analysis of the crystal structure of YajR 3, a homolog of LmrP captured in an outward-open
conformation. It was observed that this conformation is stabilized by an interaction between
the conserved aspartate (residue 73 in YajR) at the cytoplasmic end of helix 2 and the
backbone of helix 11 (Fig.4 a) in the context of a conserved charge-relay network consisting

of D73-R77-D126 (D68-R72-D128 in LmrP).

To test if electrostatic interactions in this network of residues contribute to the pH
dependence of LmrP conformational change, residues D68 and D128 were mutated to
asparagine, in order to mimic permanent protonation. Residue R72 was mutated to a lysine
in order to disrupt the interaction between the guanidinium moiety and D68 and D128
postulated from the YajR structure (Fig.4 a). DEER distance measurements were carried out
on the detergent-solubilized (Supplementary Fig.3) and nanodisc-reconstituted (Fig.4)
mutants at basic and acidic pH values. In nanodiscs, disruption of the charge-relay network
promotes the inward-open conformation at both pH values regardless of which residue is
mutated, as expected from a tightly coupled charge network (Fig.4 black and red curves).
The addition of Hoechst 33342 to these mutants does not exclusively stabilize the outward-
open state, unlike the “wild-type” protein where the charge network is intact (Fig.4 blue

curves).



In contrast, the effects of the R72K and D128N mutations in detergent micelles are
negligible at basic pH, and only appear at acidic pH (Supplementary Fig.3). The distinct
effects in detergent micelles compared to nanodiscs may reflect a weaker coupling of this
relay in the absence of lipids. These findings underscore the key role of this charge relay in
the protonation-dependent conformational switch in LmrP and demonstrate that disruption of
this network biases the energy landscape by changing the relative stability of the two

conformations.
Lipid headgroups modulate the conformational equilibrium

Phosphatidylethanolamine (PE) has been reported to be required for the transport
activity of LmrP *°. We therefore investigated whether the presence of PE can account for the
differences in the pH response between detergent and lipids. DEER distance measurements
were performed in nanodiscs of defined composition, using synthetic lipids with different

polar headgroups.

We first evaluated the potential effects of the fatty acid chain structure on the
conformational equilibrium of LmrP by comparing distance distributions in lipids of either i)
E.coli polar extract, ii) a mixture of 67% PE extracted from E.coli (variable fatty acid chains),
23% phosphatidylglycerol (PG) and 10 % cardiolipin (CL) or iii) a mixture of synthetic DOPE
(67%) - DOPG (23%) - CL (10%). We observed that the structure and length of the fatty acid
chain have only minor effects on the distance distributions of the extracellular and
cytoplasmic reporters (Fig.5). Furthermore, the pH- and substrate-dependence of the

distance distributions are similar in nanodiscs composed of these different lipid mixtures.

We then investigated whether the headgroup, specifically the protonation state of PE,
is important in modulating LmrP conformational equilibrium. For this purpose, we
reconstituted the extracellular and cytoplasmic distance reporters in nanodiscs containing PE
with various degree of methylation of the headgroup amine, namely DOPE (no methylation),

DOPE(Me); (two methylations) and DOPC (fully methylated) while maintaining DOPG at 23%



and CL at 10%. Distance distributions obtained at pH5, pH6, pH7 and pH8 uncover a direct
correlation between the degree of protonation of the ethanolamine headgroup and the
population of the outward-open conformation (Supplementary Fig.4). To quantitatively
assess this effect, we determined AG’ of the transition between the inward- and outward-
facing conformations as a function of pH in each lipid mixture, with the approximation that the
transition from inward-open to outward-open conformation is two-state. The raw DEER data
were fit using global analysis and the ratios of the populations of the two states were

determined and used to calculate AG® (Fig.6).

The methylation of PE headgroup leads to stabilization of the outward-open
conformation with the strongest effect observed for nanodiscs composed of DOPC-DOPG-
CL (Fig.6 - orange bars). The stabilizing effect of the incremental methylation is enhanced at
higher pH: at pH5, the outward-open conformation is not favored in any lipid compositions,
while at pH8 it is favored in the DOPE(Me),-DOPG-CL and DOPC-DOPG-CL nanodiscs. At
intermediates pHs, pH6 and pH7, the effects are distinct, suggesting that in this range of pH,

the transporter is very sensitive to the presence/absence of protons on the polar headgroup.
Cardiolipin favors closing of the extracellular side

Considering the relative size of the nanodiscs and the transporter, the observed
conformational regulation of LmrP by lipids is unlikely to be due to the bulk properties of the
bilayer . Rather we speculated that specific lipid-protein interactions are at play involving
select lipids such as PE. One approach to test such interaction is the identification of
endogenous lipid species with high affinity for the target protein. We therefore utilized ion
mobility mass spectrometry (IM-MS) to analyze detergent-solubilized LmrP under increasing
voltage which removes the detergent shell 4245 At 225 V of collisional activation, the protein
is released from its detergent micelle, but still displays significant spectral heterogeneity
(Fig.7 a). Although little free protein is detected, a distinct pattern is observed which shows
peaks of regular spacing, suggesting the presence of relatively stable lipid-proteins adducts.

By gradually increasing the collisional activation from 225 V up to 300 V, the heterogeneity of
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the protein signal is decreased due to ejection of the bound lipids and singly charged species
in the mass range around 1440 m/z stand out in the spectrum (Supplementary Fig 5).
Comparing their masses to a lipid database allowed us to identify these species as a broad
range of different CLs, establishing a strong interaction between LmrP and this class of lipids
that withstands detergent solubilization and remains bound under the energetic conditions

required for the MS analysis.

To elucidate whether the high affinity binding of CL to the protein is associated with a
role in the conformational equilibrium, we performed distance measurements on a
cytoplasmic and an extracellular distance reporters in a lipid mixture devoid of CL (i.e.
DOPE-DOPG) at four different pH values, ranging from pH5 to pH8, as described in the
previous section. Remarkably, we observed that the presence of CL affects the
conformational equilibrium, but solely on the extracellular side (Fig.7 b). These findings
indicate that the intracellular and extracellular sides of the transporter can rearrange
independently, as previously shown ¥ and that a specific lipid species—such as CL—might

play a role in the decoupling of the conformational change between both sides.
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Discussion

The main finding of this study is that lipid-protein interactions regulate the ion and
substrate-dependent conformational dynamics of a secondary transporter. We show that the
elements of alternating access are conserved in detergent micelles and lipid bilayers: the
inward-facing and outward-facing conformations, as defined by patterns of distances
between spin labels, are similar and the proton-dependent switch is maintained *'. However,
the presence of lipids shapes the energetics of alternating access by altering the relative
stability of the two conformations. Whereas relatively acidic pH values were required to
observe the distance peak(s) characteristic of the inward-open conformation in detergent
micelles, the same peak(s) are present at neutral to basic pH in nanodiscs. Consequently,
the apparent pK of the conformational transition is shifted towards neutral pH in lipid bilayers.
As L. lactis typically thrives in pH range 6-7 “°* the lipid environment would enable the
coexistence of the conformational intermediates at pH values closer to physiological pH.
Conversely, the conformational transition would be very unlikely under physiological

conditions if the pK is close to the acidic values observed in detergent.

Direct interactions between phospholipid headgroups and LmrP stabilize specific
conformations. Our data unequivocally reveals a dependence of the equilibrium between
inward-facing and outward-facing conformations on the headgroup of surrounding
phospholipids. In particular, PE was shown to selectively stabilize the inward-facing
conformation while CL promotes the uncoupled closing of the extracellular side. How might

this change in relative stability of conformers be achieved?

Insight into the mechanism by which PE shifts the conformational equilibrium was
obtained from the finding that the systematic substitution of the amine protons by methyl
groups favors the outward-open conformation, indicating a direct coupling between the
availability of protons on the headgroup and the shift in equilibrium. One interpretation of this
result is that direct hydrogen bond(s) between the headgroup and the transporter plays a role

in the conformational regulation. Such modulation of the conformational equilibrium through
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direct hydrogen bonding with the phospholipids has been suggested for other membrane
transport proteins such as the lactose permease LacY *, the branched chain amino acid

transport system from S.cremoris *°, the mechanosensitive channel MscL %, and LmrP itself

40

Despite its effect on the energetics of LmrP conformational equilibrium, no high
affinity bound PE was identified by IM-MS. Unexpectedly, these measurements revealed the
presence of several molecules of CL bound to LmrP, indicating a specific interaction. It is
likely that the absence of bound PE may reflect its relatively small fraction in L. Lactis
membranes **°. Remarkably, binding of CL was correlated with a direct structural effect
manifested by the closing of the extracellular side independent of an apparent movement on

the intracellular side.

Extensive studies have explored the role of CL in the regulation of transporter
function and pointed out its implication in the bioenergetics of the cell. CL displays increased
affinity for all membrane proteins involved in ATP synthesis in the mitochondrion of
eukaryotes and the plasma membrane of prokaryotes (reviewed in °'). In addition, CL

molecules are often observed in the crystal structures of mitochondrial membrane proteins °*

55 56,57

and have been suggested to take an active part in proton uptake . Early studies

assigned a pKa, of ~7 to one of the phosphate groups, a value that would allow CL to play a
role as a versatile proton donor/acceptor and bind protons from the extracellular side %°.
Although the physiological roles of this unusual lipid continue to be elusive, the observation
that high affinity interaction with CL is associated with closing of the extracellular side of

LmrP is consistent with a proton donor role for this lipid, which would facilitate the protonation

of acidic residues.

A conserved charge network control pH response and likely mediate interaction with
lipids. Based on the structure of the multidrug transporter YajR (Fig.4 a), the interaction
between the conserved Asp73 (Asp68 in LmrP) and the backbone of helix 11 appears to

stabilize the outward-open conformation. This contention is supported by the changes
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observed in the distances distributions upon D68 mutation (Fig.4 and Supplementary Fig.3),
which consistently favors the inward-open conformation independent of the biochemical

conditions (pH and/or lipids).

We speculate that the lipid-mediated shift in the equilibrium towards the inward-open
state reflects an increase in the pK, of D68 that is caused by a direct interaction between the
phospholipid headgroup and the regulatory motif. This model is consonant with a number of
evidence including the recent demonstration of conformational rearrangements of the
ammonia transporter AmtB as a consequence of a direct interaction between a motif and PG
bound with high-affinity . Furthermore, a direct interaction through hydrogen bonding
between PE headgroup and the aspartate 68 has already been suggested for the MFS
symporter LacY based on computational studies in lipid bilayers composed of PE with

6l

various degree of methylation ®°. Functional studies carried out on LmrP D68C mutant

reconstituted in proteoliposomes of various lipid compositions lead to a similar conclusion “°.

A balance between lipid-protein interactions and intra-protein interactions regulates
the conformational equilibrium. The YajR structure shows that the key aspartate is
positioned to participate in a charge relay with two conserved residues, arginine 77 and
aspartate 126, in addition to its interaction with TM11 (Fig.4 a). We propose that the origin of
the lipid-mediated stabilization of the inward-facing conformation of LmrP is a specific
interaction between the aspartate 68, the charge relay and the headgroup that weakens the
interaction with TM11. Our data indicate that the coupling between the residues of the charge
relay motif is stronger in a lipid environment, supporting the hypothesis of an extended
network involving a lipid headgroup. In contrast, detergent micelles would favor the
interaction of D68 with TM11 at high pH thus explaining the lack of effects of R72K and

D128N mutations on the conformational equilibrium at basic pH.

Concluding remarks. Our work provides a perspective on the role of lipids in the
conformational dynamics of a membrane transporter, and thereby emphasizes that

interactions with the membrane are a key determinant that has to be accounted for in the

13



elucidation of the mechanism(s) of transporters. The model that emerges from our data
hypothesizes a direct interaction of lipid headgroups with charged residues to modulate the
energetic of alternating access. Whether or not this mechanism can be extended to other
transporters energized by a proton gradient remains to be investigated. We surmise that the
strategy used here, where intramolecular distances are measured in detergent and in
nanodiscs at various pH values, can be applied to a variety of such systems in order to test

the role of lipid-protein interactions.
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Methods

LmrP homology models. For each of the four structural templates (EmrD, PDB entry:
2GFP, LacY PDB: 2V8N, FucP PDB: 307Q and YajR PDB:3WDO), the sequence of LmrP
was aligned using multiple alignments of LmrP and orthologs together with the sequences of
the template and its orthologs. Initial alignments were generated using ClustalW ', and then
manually adjusted to i) prevent insertion and deletion in the TM helices and ii) avoid
introduction of charged residues facing the lipid tails. Subsequent LmrP-template sequence
alignments were then used to generate molecular models with Modeller ®2. Figures were

prepared with Chimera 2.

Design and construction of the mutants. Cysteine-replacement residues were selected to
be located at the extracellular or cytoplasmic end of a chosen TM region by using the
homology models, while avoiding mutation of conserved residues. The mutations were
introduced in C-terminally His-tagged LmrP in a derivative of the E.coli PCR®4 Blunt-TOPQO®
vector (Invitrogen) by site-directed mutagenesis using the QuikChange Lightning kit
(Stratagene). The endogenous cysteine 270 was previously replaced by an alanine using the
same method. After transformation, plasmid DNA was extracted and verified by sequencing.
The Imrp gene fragment containing the desired mutation was then introduced into the
pHLP5-3C vector, a derivative of the L. /actis expression vector pHLP5 containing C-
terminally His-tagged LmrP *. After electroporation into NZ9000 L. /actis cells, the sequence

was verified once again.

Bacterial strains, plasmids and growth conditions. The L. /actis NZ9000 was used as a
host for pHLP5-3C based plasmid expression, as described previously “*®*%°. Briefly, cells
were grown at 30 °C in M17 medium supplemented with 0.5 % glucose and 5 mg.mL"
chloramphenicol until the ODgg reached 0.8. Overexpression of LmrP mutants was then
induced by addition of 1:1000 dilution of the supernatant of the nisin producing L. /actis strain

NZ9700 %. After 2 hours of induction, cells were harvested by centrifugation at 5,000xg
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LmrP mutants purification and labeling. Cells were washed in 50 mM HEPES, pH7 and
resuspended (10 mL for each L of culture) in the same buffer containing 5 mg.mL™" of
lysozyme, 10 pyg.mL™ of DNAse | and 10 mM of MgSQ,. After 1-hour incubation at 30 °C,
cells were broken by four passes at ~15,000 psi using a high pressure homogenizer. Cell
debris and undisrupted cells were subsequently removed by three 15min centrifugations at
14,000%g. Inside-out membrane vesicles were then isolated by ultracentrifugation at
125,000%g for 2.5h at 4 °C and resuspended in 50 mM HEPES pH7, 150 mM NaCl and 10
% (v/v) glycerol (10 mL per L of cells). Inside-out membrane vesicles were solubilized with
1.2 % (w/v) B-dodecylmaltoside in the presence of 1 mM DTT for 1.5h at 4 °C on a rotating
wheel. The insoluble fraction was then removed by ultracentrifugation at 125,000xg for 1h
and the supernatant was batch-incubated for 2h with previously equilibrated Ni-NTA resin (25
uL resin per mL supernatant) in the presence of 10 mM imidazole. The slurry was then
transferred to a column, the flow-through discarded, and the resin washed with 8 volumes of
buffer A (50 mM HEPES pH7, 100 mM NacCl, 0.05 % (w/v) B-DDM and 20 mM imidazole),
after which the protein was eluted by stepwise addition of buffer B (buffer A containing 250
mM imidazole). The concentration of the protein was determined by UV absorbance
measurement at 280 nm. Spin-labeling was performed by adding a 30-fold molar excess of
MTSSL (Enzo Life Sciences) from a 100 uM stock solution in DMF. The reaction was kept in
the dark and at room temperature for 2h, and the process was repeated, followed by
overnight incubation on ice. The protein was then run on a SDX-200 (GE Healthcare) size-
exclusion chromatography column in HEPES buffer (50 mM HEPES pH8, 150 mM NaCl, 10

% (v/v) glycerol and 0.02 % (w/v) B-DDM).

MSP1E3D1 production and purification. Membrane scaffold protein (MSP1D1E3) was

expressed and purified as described earlier 3¢

with the following modifications. Briefly,
E.coliBL21 (DE3) cells containing the MSP1D1E3 gene in pET-28a(+) were plated on LB-
agar plates supplemented with kanamycin (30 ug.mL™). A single colony was used to

inoculate 30 mL of LB supplemented with 30 pg.mL™ of kanamycin. A dense overnight
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culture of 30 mL was used to inoculate secondary culture of 1L Terrific broth supplemented
with 30 ug.mL" of kanamycin. Cultures were grown at 37°C with shaking to an ODgg Of
~2.2-2.5, then the expression of MSP1D1E3 was induced by addition of 1 mM IPTG
(Inalco). Cultures were further grown for 4h at 37°C, and cells were harvested by
centrifugation. Cell pellets were resuspended in 30 mL of lysis buffer (20 mM sodium
phosphate, 1% Triton X-100, pH7.4), including 1/3 of a Complete EDTA-free protease
inhibitor cocktail tablet (Roche), 10 ug.mL™" of DNase |, and 10 mM of MgSQ,, and were
lysed by 4 passes at 15000 psi in a high pressure homogenizer (Emulsiflex®). The lysate
was centrifuged at 30,000xg for 30 min, and the supernatant was mixed with 3 mL of Ni-NTA
resin equilibrated with lysis buffer. The slurry was transferred to a column and the flow-
through discarded. The resin was washed with four bed volumes of buffer A (40 mM
Tris/HCI, 0.3 M NaCl, pH8.0) containing 1% Triton X-100 , four bed volumes of buffer A
containing 50 mM sodium cholate, four bed volumes of buffer A containing 20 mM imidazole,
four bed volumes of buffer A containing 50 mM imidazole. The bound protein was eluted
step-wise with buffer A containing 300 mM imidazole. The eluted MSP1D1E3 was passed
over a desalting column into MSP buffer (50 mM Tris/HCI, 0.1M NaCl, 0.5 mM EDTA, pH7.5)
and the concentration was determined by absorbance at 280 nm (extinction coefficient =
29,910 M™" cm™). The protein was concentrated to ~15 mg.mL™" on 10K MWCO concentrator

(Amicon). The purity was assessed by SDS-PAGE and Coomassie staining.

Lipids preparation for nanodiscs. Lipids dissolved in chloroform (Avanti polar lipids) were
combined to reach a final quantity of 100 mg, dried under nitrogen flow and then desiccated
overnight under vacuum. The lipid films were hydrated with MSP buffer to reach a final
concentration of 40 mg.mL™". B-DDM was added to the mixture to reach a final concentration
of 7.5% (w/v). The lipids were further homogenized by low power sonication (160W) in

Bioruptor ® for 5 min, with 30s ON - 30s OFF cycles, aliquoted and stored at -80 °C.

Reconstitution of LmrP in nanodiscs. For reconstitution into nanodiscs, spin-labeled LmrP

mutants in B-DDM micelles were mixed with the appropriate lipid mixture, MSP1D1E3 and [3-
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DDM in the following molar ratios:lipid:MSP1D1E3, 60:1; MSP1D1E3:LmrP, 8:1; B -
DDM:lipid, 3:1. Mixtures were rocked at room temperature for 30 min then incubated
overnight at 4°C with rocking. In the morning, Biobeads SM-2 (700 mg.mL™") (Biorad) were
added to the mixture, and incubated for 2h at 4°C then 1h at RT. The removal of the
Biobeads was achieved by low speed centrifugation of the eppendorf containing the
nanodisc assembly perforated with a needle to form a tiny hole. Nanodiscs were purified
from undesirable species by size-exclusion chromatography on a superdex200 column (GE).
Nanodiscs were concentrated using Amicon Ultra-50K centrifugal filter units at a speed not
exceeding 1000xg. Nanodiscs containing the LmrP mutants were then characterized using
SDS-PAGE to verify reconstitution and estimate reconstitution efficiency. As a
complementary measurement, concentration of spin-labeled mutants in nanodiscs was
determined as described previously ** by comparing the intensity of the integrated CW-EPR
spectrum to that of the same mutant in detergent micelles. The reconstitution efficiency was

estimated to be 30%.

Preparation of the sample for DEER measurements. The protein in detergent micelles or
reconstituted in nanodiscs was concentrated using a 50K MWCO concentrator to a spin label
concentration of 100-150 uM (determined by the integration of the CW spectrum) after which
glycerol was added to a final concentration of 23 % (v/v). For measurements performed at
pHs other than pH8, two strategies were used. For the detergent-solubilized protein, an
additional run on a desalting column was performed after size-exclusion chromatography and
prior to concentration in order to exchange the buffer from HEPES pH8 to the appropriate
buffer set at the right pH (MES-acetate 50 mM buffer for acidic pH values). Another strategy
had to be used for the nanodiscs samples, as they tend to be unstable under acidic
conditions and could not be concentrated as such. Consequently, an appropriate amount of
acetic acid at 0.5M was added to the concentrated sample to lower its pH, which was
checked with pH-paper. Where appropriate, Hoechst 33342 or Ethidium Bromide was added

to a final concentration of 1 mM.
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EPR measurements. DEER measurements were performed on a Bruker 580 pulsed ESR
spectrometer operating at Q- band (33.4 GHz) using a standard four pulse protocol ®°. Data
was collected with the samples at 83 K with 23 % (v/v) glycerol as cryoprotectant. Analysis of
the DEER data to determine the distance distributions was carried in DeerAnalysis2011 or
DeerAnalysis2013 "'. The data was fit with Tikhonov regularization and L-curve
determination of the optimal regularization parameter. Optimal background correction was
established by statistical analysis of the fits. For a few samples, we observed evidence of
partial protein aggregation . This was manifested in the raw DEER decays by a deviation of
the baseline from a stretched exponential and the lack of an oscillation in the echo decay
even at longer collection times. Aggregation results in a component at the tail end of the
distance distribution. The artifactual nature of these peaks (marked with an asterisk) could
thus be demonstrated by varying the measured duration of the echo intensity oscillation. For
the combined analysis of the DEER data a home-written software operating in the Matlab
environment was used *%°%"2 The software assumes that the distance distribution consists of
a sum of Gaussians and that the amplitudes of the components are allowed to vary across
the physiological conditions, e.g. pH and lipid composition. For the AG® calculation, the
amplitudes of the fits that describe the outward facing or inward facing structures are
obtained. The two amplitudes are then compared to obtain a K¢q for the two states for each
pH and lipid condition. The Keq's are then used to obtain the AG°. The error bars are obtained
by propagating the fit errors for the individual amplitudes. The analysis of the raw DEER data

is presented on Supplementary Fig.7.

MS measurements. Purified LmrP in detergent micelles was buffer exchanged into 100 mM
ammonium acetate buffer pH6.8 supplemented with 0.02% n-dodecyl-3-D-maltoside using a
G25 Sephadex column (GE lifesciences). Samples were introduced into the vacuum of the
mass spectrometer using nano-electrospray ionization with in-house prepared gold-coated
borosilicate glass capillaries using a spray voltage of +1.6 kV. Spectra were recorded on a

quadrupole TOF instrument (Q-TOF2, Waters, Manchester, UK) modified for transmission of
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native, high m/z protein assemblies, as described elsewhere "

. Critical voltages and
pressures throughout the instrument were 100 V and 225 V for the sampling cone and
collision voltage respectively, with pressures of 15 and 2E mbar for the source and collision
cell. For the identification of the CL lipids a Synapt G2 (Waters, Manchester, UK) instrument
was used due to the increased mass resolution at lower m/z values. Critical settings were
sampling cone 200 V, 200 V trap collision energy, 10 V trap DC bias and 75 transfer collision

energy. Pressures throughout the instrument were 6.5 and 2.6 E mbar for the source and

trap/transfer collision cells. All spectra were processed using Masslynx v4.1 (Waters).
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FIGURE LEGENDS

Figure 1 | Ligand-dependent conformational changes of LmrP in lipid bilayers. DEER
distance distributions for spin labeled cysteine pairs between the N- and C-lobes located on
the extracellular (a) and cytoplasmic (b) ends of TM helices, obtained at pH8 (black), pH6
(red) and pH8 + 1mM Hoechst 33342 (blue). Distributions were normalized: r indicates
interspin distance; P(r) indicates the distance probability, asterisks denote peaks resulting
from partial aggregation observed in some samples upon concentration (see Methods). The
closing or opening upon ligand binding is indicated by colored arrows (red: proton binding,
blue: Hoechst 33342 binding) with targeted helices in orange. Left: LmrP homology model
with cysteine pairs highlighted in red, connected by a line, with TM numbers indicated on top
- view from the extracellular (a) or cytoplasmic (b) side. The N-lobe is colored blue and the C-

lobe is colored grey.

Figure 2 | The lipid environment favors the inward-open conformation. DEER distance
distributions of the 160R;-310R; and the 137R;-349R pairs, used as extracellular (left) and
cytoplasmic (right) reporters, respectively. Top: mutants reconstituted in E.coli polar lipids
nanodiscs, at pH values ranging from pH5 to pH8.5 in 0.5 unit increments. Bottom: mutants

in detergent micelles, at pH values ranging from pH4.5 to pH8 in 0.5 unit increments.

Figure 3 | The lipid environment increases the pK of LmrP conformational transition.
The fraction of the inward-open component(s) of the distance distributions for the
extracellular reporter (160R4-310R4, left) and cytoplasmic reporter (137R4-349R4, right), as
determined by global analysis of the raw data, is plotted as a function of pH and fitted with a
sigmoidal dose-response curve. The top and bottom panels represent the pH-dependence of

the distance distribution in nanodiscs and detergent micelles, respectively.

Figure 4 | Disruption of the charge-relay network favors the inward-open conformation
in nanodiscs. (a) a charge-relay network of conserved residues stabilizes the outward-open

conformation of the LmrP homolog YajR. TM2 and TM11 are highlighted in orange. The
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cytoplasmic domain of YajR was removed for clarity. (b) single mutations D68N, R72K and

D128N were combined with extracellular (160R,-310R,) and (c) cytoplasmic (137R,-349R,)

reporters. DEER measurements carried out at pH6 (red), pH8 (black), and pH8 + Hoechst

33342 (blue) in the absence (dashed line) and presence (solid line) of each mutation.

Figure 5 | Differences in the fatty acid chain length and structure cause minor changes
of the conformational equilibrium. DEER distance distributions of the 160R;-310R, and
the 137R4-349R, pairs, used as extracellular (left) and cytoplasmic (right) distance reporters,
respectively. The distance distributions at pH8 (black), pH6 (red), pH8 + Hoechst 33342
(blue) are comparatively similar in (a) the E.coli polar lipid extract, (b) the combination of PE,

PG and CL extracts of E.coli, and (c) the combination of synthetic DOPE, DOPG and CL.

Figure 6 | Incremental methylation of phosphatidylethanolamine headgroup stabilizes
the outward-open conformation. AG® of the transition were calculated and plotted as a
function of the pH and the lipid composition. (a) extracellular distance reporter 160R-310R;.
(b) cytoplasmic distance reporter 137R4-349R;. In order of decreasing AG® values: DOPE-
DOPG-CL (grey)> DOPE(Me),-DOPG-CL (blue) > DOPC-DOPG-CL (orange). See methods

for calculation of AG® and associated errors.

Figure 7 | Cardiolipin binds to LmrP with high-affinity and highlights conformational
decoupling between the two sides of the transporter. (a) Positive mode nano-ESI MS.
Although a charge state distribution from 11" to 17" is observed, only the 13" and 15" peaks
are indicated for clarity by dotted lines representing the theoretical m/z values, with red
numbers corresponding to the number of CL molecules bound. The inset shows the
deconvoluted mass spectrum revealing up to eight CL bound. The red dotted line indicates
the mass of free LmrP. (b) distance distributions of the extracellular 160R;-310R, (top
panels) and cytoplasmic 137R;-349R; (bottom panels) reporters reconstituted in nanodisc

with (grey) and without (pink) 10% CL.
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