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BIOCHEMISTRY

MprF from Pseudomonas aeruginosa is a promiscuous
lipid scramblase with broad substrate specificity

Matthew T. K. Hankins'+, Matyas Parragz, Alisa A. Garaeva?, Jennifer C. Earp3, Markus A. Seeger3,

Phillip J. Stansfeld?, Maike Bublitz'**

The multiple peptide resistance factor (MprF) is a bifunctional membrane protein found in many bacteria, includ-
ing Pseudomonas aeruginosa and Staphylococcus aureus. MprF modifies inner leaflet lipid headgroups through
aminoacylation and translocates modified lipid to the outer leaflet. This activity provides increased resistance to
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antimicrobial agents. MprF presents a promising target in multiresistant pathogens, but structural information is
limited and both substrate specificity and energization of MprF-mediated lipid transport are poorly understood.
Here, we present the cryo-EM structure of MprF from P. aeruginosa (PaMprF) bound to a synthetic nanobody.
PaMprF adopts an “open” conformation with a wide, lipid-exposed groove on the periplasmic side that induces a
local membrane deformation in molecular dynamics simulations. Using an in vitro liposome transport assay, we
demonstrate that PaMprF translocates a wide range of different lipids without an external energy source. This
suggests that PaMprF is the first dedicated lipid scramblase to be characterized in bacteria.

INTRODUCTION
The ability of bacteria to chemically modify surface-exposed lipids is
a key defense mechanism that provides many common pathogens
with resistance to antimicrobials and environmental stressors. One
such lipid modification is the addition of an amino acid residue to
the head group of a phosphatidylglycerol (PG) molecule in the plas-
ma membrane (Fig. 1A). This modification provides bacteria with
resistance to cationic antimicrobial peptides (CAMPs) and other ex-
ternal challenges such as low pH (I-3). Studies in model membranes
have demonstrated that this modification reduces the electrostatic
attraction of positively charged antimicrobials to the bacterial plas-
ma membrane as a direct effect of the reduction in anionic character
of PG (4). First identified in Staphylococcus aureus and Clostridium
welchii (5), the presence of aminoacyl-PG is now recognized to be
widespread across both Gram-positive and Gram-negative bacteria
and even some archaea (6). In the opportunistic Gram-negative
pathogen Pseudomonas aeruginosa, despite the presence of an outer
membrane, the formation of aminoacyl-PG in the inner membrane
has been shown to mediate resistance to the cationic peptide prot-
amine sulfate, the antibiotic cefsulodin, and the heavy metal ion
Cr’* (3). The protein responsible for this lipid modification is the
multiple peptide resistance factor (MprF) (1), a bifunctional trans-
membrane (TM) protein made up of distinct “synthase” and “flip-
pase” domains (7). The soluble synthase domain binds a charged
transfer RNA and aminoacylates PG in the inner leaflet of the bacte-
rial inner membrane (8-11), and the TM flippase domain translo-
cates this modified lipid to the outer leaflet (7, 12, 13) (Fig. 1B).
MprF represents a promising target to combat antimicrobial resis-
tance, as removal of MprF has been shown to sensitize bacteria to
positively charged antimicrobials (I, 14). Furthermore, daptomycin
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resistance in many clinical isolates of methicillin-resistant S. aureus
(MRSA) has been attributed to a variety of gain-of-function mutations
at the mprFlocus (15-17), and the recent use of antibodies to target the
MprF flippase domain sensitized such MRSA strains to host CAMPs
(18). Despite these findings, little is known about the molecular mecha-
nism of MprF-mediated lipid transport. The only published full-length
structure of MprF is from the soil-bacterium Rhizobium tropici (19),
which has limited sequence identity to MprF homologs from patho-
genic species such as S. aureus and P. aeruginosa. No in vitro assess-
ment of lipid transport has yet been reported for MprE leaving both the
energization and specificity of the lipid transport mechanism unclear.

The structure of MprF from R. tropici (RtMprF) (19) revealed the
architecture of the flippase domain that shares no homology with
any previously characterized lipid transporters. Two aminoacyl-PG
binding sites were identified in RtMprF: one accessible to the cyto-
plasm and one to the periplasm. These two sites are separated by a
conserved salt bridge, leading to the suggestion that the proton mo-
tive force (PMF) could energize lipid transport by protonation and
subsequent conformational change to open a channel between the
two lipid-binding sites. However, there is no additional structural or
functional data to support this hypothesis.

To provide further insight into the molecular mechanism of MprF-
mediated lipid transport, we determined the cryo-electron microscopy
(cryo-EM) structure of MprF from the Gram-negative pathogen
P aeruginosa (PaMprF). We also assessed PaMprF’s in vitro lipid
transport activity in liposomes and conducted molecular dynamics
(MD) simulations to further characterize its interaction with the
membrane lipid environment. The structural, functional, and com-
putational data suggest that PaMprF passively transports a vast vari-
ety of lipid species, probably via a PMF-independent route of lipid
translocation involving a local destabilization of the bilayer. Thus,
PaMprF displays hallmark characteristics of a lipid scramblase.

RESULTS

The cryo-EM structure of PaMprF

Full-length PaMprF was purified following recombinant production
in Escherichia coli and eluted predominantly as a monomer from
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Fig. 1. Substrate, products and activity of MprF, and PaMprF-Sb29 complex model. (A) Skeletal formulae of PG and common amino acid modifications of PG found
in bacteria. (B) Schematic of MprF activity showing modification of PG (cyan) to aminoacyl-PG in the inner leaflet of the bilayer, followed by translocation of aminoacyl-PG
to the outer leaflet, resulting in reduced attraction of CAMPs (pink) to the membrane surface. (C) Final post-processed cryo-EM map of PaMprF (gray) bound to Sb29
(pink). (D) Side view of the complex in cartoon representation, PaMprF colored from N to C terminus as a rainbow and Sb29 colored as pink. (E) View of the interaction
surface between PaMprF TMD2 and Sb29, colored as in (D). Polar interactions are shown as yellow dashes, cation/x interactions as gray dashes, and hydrophobic contacts

as black arcs.
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size exclusion chromatography (SEC) (fig. S1A). Given the small
size of monomeric PaMprF (96 kDa), synthetic nanobodies (sybodies)
(20) were generated against purified full-length PaMprF to isolate
specific binders that could act as fiducial markers for single-particle
cryo-EM structural determination. A truncated form of PaMprF
representing the TM region was used in pull-down assays to identify
a sybody binding to the TM region (Sb29), which was then utilized
for structure determination. PaMprF was reconstituted into SaposinA-
lipid nanoparticles (SapNPs) (21, 22) composed of phosphatidyl-
choline (PC):PG at a 7:3 molar ratio, and the structure of the
PaMprF-8b29 complex was determined to 3.28-A resolution (Fig.
1,Cand D).

Sb29 binds at a surface-exposed amphipathic helix on the peri-
plasmic face of PaMprF (Fig. 1E). The buried surface area for this
interaction is ~680 A% similar to previously reported areas of sy-
body binding interfaces (23). Most of the TM region of PaMprF is
well resolved (fig. S1G), with the lowest resolution located around
TM helix 5. This helix makes up part of the dimer interface in
RtMprE. While the structure of PaMprF presented here is mono-
meric, a dimeric population of PaMprF is present in early stages of
purification (fig. S1A). Hence, TM5 may exhibit increased flexibility
in the absence of a stable dimer interface, resulting in the lower local
resolution observed by cryo-EM.

The global structural elements of PaMprF are similar to RtMprF
(19), with the TM region of PaMprF comprising 14 o-helices that
can be subdivided into two TM domains (TMDs). TMD1 (TM heli-
ces 1 to 8) corresponds to the previously identified flippase domain
of MprF (13) and contains two pairs of re-entrant hairpin helices
(TM3 and TM?7), whereas TMD2 (TM helices 9 to 14) connects to
the soluble domain (Fig. 2A and figs. S2A and S3). Each individual
TMD is structurally very similar to the corresponding domain in
RtMprF [root mean square deviation (RMSD) of 1.12 and 0.89 A for
TMD1 and TMD2, respectively]. The interface between the two
TMDs is formed by two clusters of mainly hydrophobic interac-
tions: one cluster between TM1 (TMD1) and TM13 (TMD2) and a
second cluster between hairpin helix TM3 and TM8 of TMD1 and
TM9 and TM12 of TMD2. Very few polar interactions occur at the
membrane borders in both clusters. It was previously suggested that
MprF-mediated lipid transport could occur via the disruption of a
conserved salt bridge between TM7 and TM8, opening a channel
between the cytoplasmic and periplasmic lipid-binding sites (19).
The corresponding salt bridge in PaMprF (E295-R319) is intact (fig.
S2B), and there is no substantial intradomain structural reorganiza-
tion. The soluble domain of the PaMprF full-length structure is very
similar to the previously determined crystal structure of the PaMprF
soluble domain alone [Protein Data Bank (PDB): 4V35; (10)], with
an RMSD of 0.63 A, with the exception of a loop at residues 806 to
834, which could not be resolved in our cryo-EM structure, presum-
ably due to local flexibility. We did not observe any signal for copuri-
fied tRNA or lipid molecules at the soluble domain.

PaMprF adopts an “open” conformation

Despite similar global structural elements, there are substantial
rigid-body displacements of domains when comparing PaMprF to
RtMprE. The soluble domain is rotated away from the plane of the
membrane, adopting a more perpendicular orientation (Fig. 2B,
left). This rigid-body movement may be facilitated by the increased
flexibility of the aforementioned loop 806 to 834, which in RtMprF
forms p strand interactions with a loop between TM5 and TM6
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(L5-6) in TMD1 (Fig. 2B, right), “tethering” the soluble domain of
RtMprF in proximity to the membrane plane. The untethered, ro-
tated conformation seen in PaMprF may facilitate access to the
aminoacyl-tRNA substrate from the cytoplasm (fig. S2C).

In addition to the rotated soluble domain, both TMDs of PaMprF
are substantially displaced relative to RtMprE, with TMD1 separat-
ing away from both TMD2 and the soluble domain (Fig. 2C, left, top
right). The motion appears to originate from TMS8, the C-terminal
helix of TMDI, which has a hinging point at a proline residue
(Pro326 in PaMprF) halfway down the helix at the center of the
membrane (Fig. 2C, bottom right). This proline residue is highly
conserved across MprF homologs, and previous mutagenesis of the
corresponding residue in S. aureus MprF (SaMprF) to alanine mod-
erately increased susceptibility to daptomycin (13).

This separation between the two TMDs results in a substantive
widening of the membrane-exposed surface, forming a deep groove
between the two TMDs that is open to both the periplasm and later-
ally to the membrane, spanning nearly its entire width (Fig. 3A and
red surface in Fig. 3B). The presence of membrane-exposed hydro-
philic grooves is common in TMEM16 family lipid scramblases,
proteins that facilitate bidirectional lipid transport down a concen-
tration gradient in the absence of an external energy source (24-26).
These grooves are thought to provide a route for the passage of polar
lipid head groups via a credit card mechanism (27) or to deform the
local membrane environment to lower the energy barrier for lipid
translocation via a so-called out-of-the-groove mechanism (28, 29).
The groove in PaMprF does contain a patch of hydrophilicity at the
periplasmic side (fig. S2D), but it does not extend the full width of
the membrane as seen in TMEM16 scramblases. If lipid was indeed
translocated via this route, then further conformational change
would be required to form a continuous surface-mediated lipid path
(see also Discussion).

Starting from the wide opening on the periplasmic side, the
groove between the two TMDs extends further into the interior of
the protein, forming a deep channel that passes diagonally through
the protein, along the side of the hairpin helices, reaching all the way
through to the cytoplasm (Fig. 3B, red surface). This channel is ab-
sent in REMprF, and its presence does not depend on the disruption
of the previously described salt bridge (E295-R319), which is still
intact in PaMprF. Because of a constriction near the loop at the end
of hairpin TM3, the width of this channel on the cytoplasmic side of
PaMprF is too small to accommodate the entry of a lipid molecule.
Hence, further structural rearrangements would be necessary at this
region to yield a wide enough pathway for lipid transport through
the core of the protein. This channel could, however, present a plau-
sible lipid permeation route alternative to the previously suggested
pathway (19), which starts at a cytosolic lipid binding site (site I,
discussed below) adjacent to the constricted end of the channel de-
scribed above, and is blocked by the conserved salt bridge (Fig. 3B,
blue surface). See also Discussion for a comparison of suggested
lipid transport routes.

PaMprF displays extensive lipid binding

The PaMprF cryo-EM map displays several features representing
bound lipid molecules (Fig. 4A). In the absence of unambiguous
evidence for the exact identities of these lipids in our cryo-EM sam-
ple, we chose not to include any ligands in our final structural mod-
el (PDB: 9GOE). Nevertheless, by tentatively fitting exemplified
lipid molecules into the map features, we identified three regions of
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Sol loop (806-834
in PaMprF)

Fig. 2. Displacement of MprF domains. (A) Side (left) and top view (middle, viewing from the cytoplasmic face clipped through the soluble domain) of PaMprF (sybody
removed for clarity). The residues interacting to form the TMD interface are shown (right, polar interactions colored yellow, hydrophobic contacts colored gray). Orange,
TMD1; purple, TMD2; green, soluble domain. (B) Alignment of RtMprF (PDB: 7DUW; gray, TMDs; magenta, soluble domain) to PaMprF (orange, TMD1; purple, TMD2; green,
soluble domain) at TMD1, demonstrating rigid-body rotation of the soluble domain (left). The interaction between the soluble domain and TM L5-6 from RtMprF is shown
(bottom right). (C) Structures aligned at TMD1 demonstrating displacement of TMD2 (top right, viewed from cytoplasm, soluble domain removed for clarity) and view of
TMB8 clipped through TMD1 (bottom right). The proline hinge of TM8 (Pro326 in PaMprF) is shown.
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Fig. 3. Lipid- and solvent-exposed cavities in PaMprF. (A) Comparison of PaMprF (left) and RtMprF (right) electrostatic surfaces. The periplasmic membrane-exposed
groove in PaMprF is indicated by an arrow. (B) PaMprF (TMD1 = orange, TMD2 = purple, soluble domain = green) ribbon model overlaid with solvent accessible interior
surfaces generated by HOLLOW (70). The E295-R319 salt bridge residues are highlighted as yellow spheres. A solvent accessible pocket at the cytoplasmic side is shown
in blue (lipid binding site I, discussed below), and the channel at the TMD interface, which connects to the membrane-exposed periplasmic groove, is shown in red.

lipid binding to PaMprF: first, a characteristic Y-shaped phospho-
lipid core is resolved at the same cytoplasm-facing pocket in TMD1
that has been described in RtMprF, formed from TM3, TM4, TM?7,
and TMS (Fig. 4B, lipid site I). A tentatively fitted PG head group
does not extend as deep into this cavity as the lysyl-PG molecule
modeled into the RtMprF structure. This may indicate that unmod-
ified bulk lipid can also occupy this site. Lipid binding at this site
has previously been suggested to represent the entry into the pro-
posed salt bridge-gated transport channel through the protein.
However, given its orientation facing the expected catalytic face of
the soluble domain (10), this lipid binding site could alternatively
function to facilitate lipid transfer to/from the aminoacylation site.

The second site of lipid binding is at the TMD1/2 interface
(formed from TM1, TM3, TM7, and TM8 of TMD1 and TM9,
TM12, and TM13 of TMD?2) inside the periplasmic groove de-
scribed above (Fig. 4C, lipid site II). This map region of relatively
low local resolution features several continuous sections that would
fit one or two lipid molecules, including a map section oriented

Hankins et al., Sci. Adv. 11, eads9135 (2025) 9 April 2025

toward the bulk membrane (highlighted in Fig. 4C). This suggests
that this open, membrane-exposed state of PaMprF allows for mul-
tiple lipids to occupy this region at the same time.

A previously undescribed, third lipid-binding site is located at the
surface of the protein in proximity to the cytoplasmic end of TM8
and allows a reasonable fit of a 1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphoglycerol (POPG) molecule (Fig. 4D, lipid site III). As TM8
is adopting an alternate conformation to the corresponding helix in
RtMprF through flexion at the Pro326 kink, this lipid-binding site ITI
may act to stabilize the more open conformation of MprF presented
here, explaining its absence in the RtMprF structure.

MD simulations confirm lipid binding to PaMprF and
suggest a protein-induced membrane deformation

To further investigate the interactions of PaMprF with its native lipid
environment, we conducted MD simulations of the structure placed
into a symmetrical membrane bilayer composed of 80% POPE, 10%
POPG, and 10% AlaPG, reflecting a simplified P. aeruginosa inner

50f 19



SCIENCE ADVANCES | RESEARCH ARTICLE

A > °
g 180° @
N
3 -
] e )
5
Periplasmic V' E
groove
(lipid site 11) Lipid site |
Lipid site Il
B
Hairpin
v POPG
™8

D
Density extending
toward bulk
membrane
™2
™8
POPG

Fig. 4. PaMprF lipid-binding sites. (A) Electrostatic surface of PaMprF aligned to the lipid features (yellow) present in the final cryo-EM map, contoured at 6 c. (B) View of
lipid binding site | (TMD1 = orange, TMD2 = purple, soluble domain = green), with a truncated PG molecule (white sticks) fitted into the map. (C) View of lipid signal present
in the periplasmic groove between TMDs with a POPG molecule (white sticks) fitted into the map. (D) View of lipid binding site IIl with a POPG molecule fitted into the map.
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membrane composition (30) but with equal amounts of POPG and
AlaPG to avoid introducing any bias when determining binding
preferences. Simulations were first run in a coarse-grained (CG) sys-
tem to allow for long simulation times of 5 ps with five repeats. Lipid
density plots confirmed lipid interactions with all sites I, II, and III
over the course of the simulations, with a reasonable positional
match between the tentatively modeled lipids from the cryo-EM data
and the regions of increased lipid head group occupation throughout
the simulations (Fig. 5A). The simulation data that show exclusively
AlaPG density at both sites suggested to be involved in aminoacyla-
tion and transport, namely, the cytoplasmic lipid site (site I) and the
periplasmic groove (site II). In contrast, only POPG density is found
at the TM8 binding site (site III) suggested to be a “stability” site
(Fig. 5A). Further analysis of the trajectories was performed with
PyLipID (31), which identified binding sites for both AlaPG and
POPG at each of the three lipid sites. Binding poses for each of these
binding sites were calculated (fig. S4) and then used as starting points
for subsequent triplicate atomistic simulations. At site III, the TM8
binding site, AlaPG became detached during two runs while remain-
ing bound only weakly via an acyl tail in the final run (fig. S5A),
suggesting that this site is likely not a stable binding site for AlaPG, in
line with the suggestion of a stability-conferring lipid site without
direct involvement in MprF catalysis. At site I, the cytoplasmic lipid
site, POPG remained tightly bound throughout (fig. S5B), indicating
that both AlaPG and POPG are able to occupy this site.

At site II, the periplasmic groove, CG simulations identified an
AlaPG binding pose oriented parallel to the membrane plane; the
head group deeply buried at the TMD interface and the acyl tails
oriented outward into the bulk membrane (fig. S4A), in line with the
similarly oriented cryo-EM map feature found in this site (Fig. 4C).
In one of three atomistic simulations, AlaPG remained tightly
bound in this starting position, but in the other two, AlaPG moved
even deeper into the groove (Fig. 5B). The POPG binding pose from
CG simulations at this site was located at the side of the groove rather
than inside (fig. S4A). In one of three atomistic simulations, POPG
dissociated from this starting position (fig. S5C), however, during
the two remaining runs, POPG moved deeply into the groove, into
a similar membrane-parallel orientation with acyl tails oriented out
of the groove (Fig. 5C). This indicates that the inside of the groove is
able to provide a stable binding site for both AlaPG and POPG, in-
ducing an orientation of the lipid molecules that would be consis-
tent with a credit card model of lipid transport along the groove at
the TMD interface of PaMprF.

The extensive dimension and orientation of the membrane-exposed
periplasmic groove found in the cryoEM structure led us to speculate
whether PaMprF is able to locally deform the bilayer in this region,
thereby lowering the energy barrier for lipid translocation via a
surface-guided, passively driven mechanism, as in other lipid trans-
porters with membrane-exposed grooves (29). The CG simulations
show a substantial, and spatially confined thinning of the membrane at
the periplasmic groove, reducing the hydrophobic thickness by nearly
50% in this area (Fig. 5D). Together, the MD simulations corroborate
the three lipid binding sites identified by cryoEM and support a credit
card or out-of-the-groove lipid transport mechanism by PaMprE

PaMprF transports fluorescently labeled AlaPG in vitro

To investigate the lipid transport capabilities of PaMprF in vitro, the
purified protein was reconstituted into liposomes containing a small
fraction of nitrobenzoxadiazole (NBD)-labeled lipid. Proteoliposomes
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were exposed to dithionite, a membrane impermeable compound that
bleaches NBD fluorescence (32, 33) thereby reporting on the distribu-
tion of fluorescently labeled lipid between the inner and outer leaflets
of liposomes (Fig. 6A). Proteoliposomes were produced for a range of
PaMprF:lipid ratios using a 16:0/6:0 tail-labeled NBD-AlaPG reporter
lipid, mimicking the physiological substrate of PaMprF (Fig. 6B). For
all PaMprFlipid ratios tested, the normalized fluorescence decrease
after dithionite addition was greater than for both protein-free lipo-
somes and liposomes reconstituted with a negative control protein
[Ilyobacter tartaricus adenosine 5'-triphosphate (ATP)-synthase
c-ring; fig. S6A], indicating an MprF-dependent transport of NBD-
labeled AlaPG between the liposome leaflets. The final fluorescence
value, Fy, for each time course before Triton X-100 addition is depen-
dent on PaMprF concentration and saturates at high [PaMprF], as in-
dicated by the mono-exponential fit to 1 — F, for each replicate (Fig.
6C). This saturation reflects the fact that at high PaMprF:lipid ratios,
the likelihood of all available liposomes containing at least one
PaMprF molecule is high, and further increases in [PaMprF] will not
affect the final fluorescence value after dithionite addition but merely
the rate at which this value is reached (32, 34, 35). Even at high lipid
transporter concentrations, the final fluorescence plateau following
dithionite addition will not reach zero, as there is a fraction of lipo-
somes that are multilamellar/refractory to protein insertion (36).

Both protein-free liposomes and proteoliposomes were equally
insensitive to dithionite-mediated bleaching of incorporated NBD-
glucose (fig. S6E) (34), ruling out unspecific permeability of proteo-
liposomes to dithionite. This was further supported by the use of
fatty acid-free bovine serum albumin (BSA) as an alternative quench-
ing agent (33, 37), which resulted in a greater fluorescence decrease
for proteoliposomes than protein-free liposomes (fig. S6, C and D).
Together, these results indicate that PaMprF is exposing inner leaflet
NBD-AlaPG to dithionite at the surface of liposomes, providing the
first in vitro evidence that PaMprF catalyzes the transport of AlaPG
between the leaflets of the bilayer.

As a confirmation that lipid transport is indeed protein dependent,
the treatment of PaMprF proteoliposomes with proteinase K after re-
constitution resulted in a marked reduction of the observed fluores-
cence decrease (Fig. 6D), similar to what has been demonstrated in
other studies of lipid transport (37, 38). SDS-polyacrylamide gel elec-
trophoresis analysis of proteinase K-treated proteoliposomes before
and after solubilization with n-Dodecyl-B-D-maltoside (DDM) con-
firms a complete digestion of PaMprF in solubilized liposomes (fig.
S6G). A small amount of full-length MprF remains undigested in
proteoliposomes not presolubilized with DDM. This suggests that
PaMprF is less accessible to proteinase K treatment when embedded
in intact liposomes and provides an explanation as to why proteinase-
treated proteoliposomes still exhibit a small amount of lipid transport
activity compared to empty liposomes (Fig. 6D). The protease sensi-
tivity of the observed fluorescence decrease indicates that there is no
pre-established asymmetry of NBD-lipid from reconstitution, as this
would be unaffected by successive proteolytic treatment. Instead, the
observed fluorescence decrease is both dependent on the concentra-
tion of PaMprF and sensitive to proteolytic digest, therefore repre-
senting the ongoing transport of lipid by PaMprFE.

PaMprF-mediated lipid transport is independent of H*- or
Na'-gradients or common activators

In the experiments described above, lipid transport occurs in the
absence of an external energy source, suggesting that PaMprF is
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Lipid densities are shown as isosurfaces that represent an above-average occupation of lipids across the frames of the simulation. Densities are only shown in regions of
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passively scrambling NBD-AlaPG in both directions. To quantify
whether PaMprF-mediated lipid transport is affected by common
activators, as is the case for the TMEM16 family of calcium-activated
scramblases (25, 39) and the recently characterized proton-dependent
transporter LtaA (40), an analytical method to assess lipid scram-
bling rates developed by Malvezzi et al. (28) was used to estimate the
macroscopic rate constants for forwards (inner leaflet to outer leaf-
let) and reverse rates of lipid transport (a and f, respectively) within
proteoliposomes. This allowed for assessment of whether the addi-
tion of common activating compounds to the outside of liposomes
would preferentially stimulate lipid transport unidirectionally. Di-
rectly before fluorescence measurements, PaMprF proteoliposomes
were diluted in buffer containing common activators (1 mM Ca*",
100 mM Na*, and 1 mM ATP), or a pH gradient of +0.4 units across
liposome membranes was established. Liposome membrane integ-
rity on the establishment of a pH gradient was confirmed via incor-
poration of the pH-sensitive dye 8-hydroxypyrene-1,3,6-trisulfonic
acid (HPTS; fig. S6F). Triplicate fluorescence time courses for each
condition were fitted to a three-state model to estimate o and f (Fig.
6E and fig. S7, A to D). The values of rate constants determined for
1:200 (w/w) PaMprF:lipid liposomes are in the range of 0.004 to
0.005 s™* for a and 0.0008 to 0.002 s™* for p, similar to those re-
ported previously for other scramblases (25). Differences between o
and P when using this analysis method have also been observed in
previous studies (25, 28) and have been suggested to be caused by
preferential orientation of protein within liposomes (28), although
additional factors unaccounted for in the analysis model may affect
these values (e.g., liposome surface tension favoring exposure of in-
ner leaflet lipid). There was no observed significant increase in the
rates of lipid transport for any of the conditions tested, suggesting
that PaMprF lipid scrambling is not affected by these common external
activators. In contrast, proteinase K treatment of proteoliposomes
reduced the lipid transport rates sixfold for a and twofold for p.

PaMprF is a highly promiscuous scramblase

A hallmark feature of all well-characterized lipid scramblases is the
ability to transport a wide range of lipid substrates between mem-
brane leaflets (25, 32, 35, 41). The flippase domain of MprF has
been previously demonstrated to exhibit a degree of relaxed speci-
ficity; two MprF homologs are present in Clostridium perfringens,
one of which uses alanine for PG aminoacylation (CpMprF1) and
the other lysine (CpMprF2) (42). However, CpMprF1 lacks the flip-
pase domain, containing only the C-terminal six TM helices of
TMD2, raising the question of whether the flippase domain of
CpMprF2 is able to transport both AlaPG and LysPG. An S. aureus
AmprF deletion mutant expressing in trans the AlaPG-producing
synthase domain of CpMprF1 with only the flippase domain of ei-
ther CpMprF2 or SaMprF restored wild-type (WT) levels of dapto-
mycin resistance (43), confirming that the substrate specificity at
the MprF flippase domain is relaxed. The extent of this relaxed
specificity beyond aminoacyl-PG is currently unexplored. To as-
sess the substrate specificity of PaMprF, a variety of commercially
available tail-labeled NBD-lipids were tested using the in vitro di-
thionite assay. NBD-PG and NBD-PC were tested to reflect the
bulk lipid composition used for liposome reconstitution, as well as
NBD-AlaPG and NBD-LysPG to reflect the substrates of PaMprF
and RtMprF, respectively. NBD-PE, representing the main compo-
nent of the P. aeruginosa inner membrane, was also tested (Fig. 7A).
For both aminoacylated and unmodified NBD-PG as well as for

Hankins et al., Sci. Adv. 11, eads9135 (2025) 9 April 2025

NBD-PC and NBD-PE, the decrease in fluorescence on dithionite
addition was similar, suggesting that PaMprF exhibits broad sub-
strate specificity. The transport of NBD-LysPG provides in vitro
evidence that the substrate range of the PaMprF flippase domain
includes different aminoacylated-lipid species, as demonstrated
in vivo (43). In addition, unmodified NBD-PG, NBD-PC, and NBD-
PE were also transported, highlighting that aminoacylation of lipids
is not a requirement for transport. This high level of promiscuity
provides further evidence that PaMprF is functioning as a scram-
blase in vitro. The rate analysis of these experiments (Fig. 7B)
demonstrates that PaMprF has a slight substrate preference for
NBD-AlaPG, with a = 0.031 57" and p = 0.011 s~". NBD-LysPG is
transported at a slightly lower rate of « = 0.021 s™'. NBD-PC is
transported almost threefold slower in the inside-to-outside direc-
tion (o = 0.013 s71) than AlaPG and sixfold slower in the outside-
to-inside direction (p = 0.0017 s71) than NBD-AlaPG. As PC is a
non-native lipid to P. aeruginosa, the slower rate of NBD-PC trans-
port is perhaps expected. NBD-PG transport rates are not signifi-
cantly different to NBD-AlaPG. This suggests that (i) the smaller
PG head group is able to access the same lipid transport pathway as
aminoacylated lipids, and (ii) the transport process is not sensitive
to the different charge distributions on the head groups.

PaMprF can transport “giant” lipid substrates

The remarkable promiscuity demonstrated by PaMprF raises the
question of whether there is a limit on the size of lipid head group
that can be transported. This question has been previously ad-
dressed for other highly promiscuous scramblases through the use
of lipid reporters with giant PEGylated head groups (28). To test
whether PaMprF is able to transport such a giant lipid, a distearoyl-
sn-glycero-3-phosphoethanolamine (DSPE) lipid with a polyethyl-
ene glycol (PEG) 2000 head group (DSPE-PEG2000-amine) was
covalently linked to NBD and purified, producing an NBD reporter
lipid with a molecular weight of ~3 kDa, approximately fourfold larger
than the NBD-lipids used for the previously described experiments
(Fig. 7C and fig. S8). PaMprF is able to transport this PEGylated
NBD lipid, with PaMprF proteoliposomes giving a significantly
greater fluorescence decrease on dithionite addition than protein-
free or c-ring-reconstituted liposomes and with comparable rate
constants (Fig. 7D and fig. S6B). As with the smaller lipids, the fluo-
rescence decrease is PaMprF concentration dependent. Given the
large size of this substrate, it is highly unlikely that the transport of
this PEGylated reporter lipid occurs through the core of PaMprF.
Instead, it is most probable that the transport of this giant lipid oc-
curs via an out-of-the-groove mechanism similar to that shown for
TMEM16 scramblases.

PaMprF-mediated lipid transport is highly resistant to
mutations at lipid binding sites

To further question whether lipid transport could be occurring via
the previously proposed cytoplasmic lipid binding site I (19), the
key residues at this site, comprising the conserved salt bridge E295-
R319 and several conserved tyrosine residues, were probed by mu-
tagenesis. All mutated PaMprF variants behaved similarly to WT
PaMprF during purification (figs. S9 and S10, and table S1) and
were tested for in vitro NBD-AlaPG transport activity (Fig. 8A, top
right). Previous in vivo experiments suggested that mutations in
this area stimulated LysPG synthesis/transport in RtMprF (19). In
PaMprF, mutation of either Y318 or Y322 to alanine and of R319 to
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Fig. 7. PaMprF-mediated transport of different NBD-lipid species. (A) Normalized fluorescence time courses of different NBD-lipids in empty (black) and PaMprF recon-
stituted (red) liposomes [1:100 (w/w) PaMprF:lipid]. Skeletal formulae of the head groups of the NBD-lipids are shown. (B) Bar chart showing the fitted values of « (red) and
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alanine or glutamate did not significantly affect NBD-AlaPG transport
compared to WT. The protonation-mimicking mutation E295Q
also did not result in a stimulation of in vitro lipid transport, further
supporting our conclusion that lipid transport is not dependent on
the PME However, charge reversal of E295 to arginine did result in
a significant increase in lipid transport compared to WT, with « in-
creasing almost twofold (Fig. 8, B and C). This is consistent with
previous in vivo experiments, where this mutant in RtMprF gave
the greatest increase in both total LysPG content and surface-
exposed LysPG (19). The mutation of these conserved salt bridge
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residues to alanine in SaMprF, along with mutation of other con-
served residues found in TMD]1, has been previously shown to sig-
nificantly increase S. aureus sensitivity to daptomycin (13); the
inspection of the corresponding residues in PaMprF reveals that
they mostly contribute to stabilizing interactions within the core of
the TMD1 helix bundle (fig. S11); hence, their mutation to alanine
likely has a global destabilizing effect on MprF rather than directly
affecting lipid interaction and transport. We further probed lipid
binding site I by introduction of three tryptophan residues to steri-
cally restrict lipid access to this pocket (Fig. 8A bottom right).
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However, this triple mutant transported NBD-AlaPG in vitro at
similar rates to WT (Fig. 8C), suggesting that lipid transport is not
occurring via lipid binding site I.

The TMD interface was also probed by mutagenesis to assess
whether this internal channel in PaMprF could be the transport
route for AlaPG. Similar to lipid-binding site I, the introduction of
tryptophan residues at constriction points along the TMD inter-
face channel did not result in a significant decrease in lipid trans-
port rates compared to WT, again suggesting that lipid transport
does not occur via this internal channel (fig. S12). More disruptive
mutations were introduced by placing large, highly charged argi-
nine side chains at this interface (Fig. 8D, cyan). Two of these mu-
tations resulted in an increase in transport rates compared to WT;
F45R and A491R (Fig. 8, E and F). Structurally, these residues and
the previously discussed E295 all occupy a similar region on the
periplasmic side of the membrane, suggesting that introduction of
a positive charge in this region stimulates lipid transport. Notably,
a number of the recently identified gain-of-function MprF muta-
tions in MRSA also introduce positively charged residues at the
TMD (44). One such mutation, M347R, (corresponding to V369
in PaMprF), is also in proximity to this “periplasmic stimulatory
region” (Fig. 8D, pink). All residues mutated in this study are high-
lighted in an alignment of PaMprF, SaMprF, and RtMprF sequences
in fig. S13.

DISCUSSION

We present here the cryo-EM structure of MprF from the pathogen
P aeruginosa, displaying a previously undescribed conformation
and three lipid binding sites that were further corroborated by MD
simulations. Furthermore, we provide the first in vitro functional
evidence that MprF acts as a lipid scramblase.

The structure of PaMprF presented here highlights substantial
domain rearrangements in comparison to RtMprF, prompting us to
suggest alternate routes of lipid transport to that originally proposed
(19) (see further discussion and Fig. 9 below). The reason for the
conformational differences between PaMprF and RtMprF is unclear.
It is unlikely that Sb29 binding to PaMprF has induced any struc-
tural rearrangement, as its binding site is far from the observed
hinging points. Lipid transport rate constants from PaMprF-Sb29
complex liposomes are not significantly different to PaMprF alone
(fig. S7E). One possible reason for the structural differences is the
different lipid composition used for SapNP reconstitution; it has
been demonstrated that bulk lipid can significantly affect transport
properties of membrane proteins (25, 45); hence, the different lipid
compositions could alternately stabilize the more closed or open
states demonstrated by the two structures. Another key factor is the
oligomeric state, as RtMprF is dimeric and PaMprF purifies as a
monomer in our hands. Oligomerization-induced structural chang-
es are an appealing hypothesis, as this would also offer a regulatory
mechanism of reducing MprF activity in vivo at high MprF concen-
trations. Such a mechanism could provide an additional level of
control over aminoacyl-PG levels in vivo, which have been shown to
be detrimental to CAMP resistance of P. aeruginosa cells at high
concentrations (14).

The in vitro transport data presented here show that PaMprF is
able to transport a wide variety of lipid species in the absence of an
external energy source. This suggests that PaMprF acts as a passive
phospholipid scramblase, driving lipid distribution toward an
equilibrium between both membrane leaflets. Such a classification
is consistent with earlier work in S. aureus WT cells, which found
that LysPG is evenly distributed between the inner and outer
leaflets of the membrane (7). Although PaMprF is capable of
transporting a range of lipid substrates, rate analysis suggests that
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Fig. 9. Possible PaMprF lipid transport routes. Schematic of PaMprF (soluble domain removed for clarity) highlighting lipid transport routes assessed in this study.
(Left) Cut-away view of PaMprF showing possible transport routes through the core of the protein via the cytoplasmic lipid site (blue) or the TMD channel (red). Lipid
transport rates of PaMprF were unaffected by obstructive mutations along these routes. (Right) Surface view of PaMprF demonstrating a potential credit card/out-of-the-
groove transport mechanism at the periplasmic groove, facilitated by membrane deformation. Such a mechanism is consistent with transport of giant lipids.
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both NBD-AlaPG and NBD-PG transport is favored in vitro. Be-
cause unmodified PG comprises ~25% of the P. aeruginosa mem-
brane (30) and AlaPG only ~6% (3), this observation raises questions
as to whether AlaPG transport is favored in vivo and, if so, how. One
possibility could be that the proximity of the aminoacylating soluble
domain increases the local concentration of AlaPG near the lipid
transport domain, thus increasing the likelihood of transporting
AlaPG over unmodified PG. Such a selectivity-by-proximity mecha-
nism is consistent with previous characterization of MprF dimers
(19) and tetramers (13), where the clustering of MprF aminoacyla-
tion domains would lead to higher local concentrations of AlaPG in
proximity to the TMDs.

These findings would make PaMprF the first dedicated phospho-
lipid scramblase to be characterized in bacteria. Such nonspecific
scrambling activity of PaMprF is in fact in line with sequence analy-
ses of the wider MprF family of proteins; it has recently been shown
that the MprF lipid transport domain is widespread in bacteria and
archaea, often fused to different lipid-modifying soluble enzymes
such as O-antigen ligases and glycosyltransferases (46). This sug-
gests that the MprF transport domain has evolved as a universal,
highly promiscuous transporter of differently modified lipid spe-
cies, with its respective physiological function depending on the
identity of the fused lipid-modifying enzyme, conferring substrate
preference by increased local concentration rather than structural
selectivity. MprF transport domains have also been identified that
are not fused to a soluble enzyme. For example, the gene for YbhN
in E. coli is located in proximity to cardiolipin synthesis genes in the
E. coli genome, and YbhN interacts with proteins involved in PG
and cardiolipin synthesis (46), suggesting a role in membrane ho-
meostasis and transport of unmodified bulk lipid species.

In addition to direct MprF homologs, the eukaryotic DedA family
members VMP1 and TMEM41B have recently been demonstrated to
be phospholipid scramblases (35). In silico structural predictions of
this family suggest the presence of the characteristic double inverted
hairpin helix motif found in MprFE. The identification of fusions of
DedA domains to MprF soluble domains in some bacterial species
(47) further suggests that DedA and MprF lipid transport domains
are somewhat interchangeable and involved in the transport of phos-
pholipid species in a broader biological context. Notably, the eukary-
otic DedA proteins VMP1 and TMEM41B also do not require an
energy source for lipid transport.

The route of lipid transport through MprF remains to be eluci-
dated. Our assessment of possible lipid transport routes by muta-
genesis demonstrated that PaMprF tolerates considerable steric
obstruction at both the previously suggested route via the cytoplas-
mic lipid binding site I and also at the channel along the TMD1/2
interface, without any significant reduction in lipid transport rates
(Fig. 9, left). This suggests that transport of AlaPG is not occurring
through the core of MprF and is not gated by protonation of a salt
bridge as previously suggested. This finding raises the question as to
the purpose of the cytoplasmic lipid-binding site I, present in both
PaMprF and RtMprE if it is not the entry site for transport. Given
the soluble domain approaches the membrane at this binding site in
RtMprF, it could be involved in the transfer of PG substrate between
the membrane and the soluble domain for aminoacylation. Such a
function could explain why an unmodified PG species fits slightly
better into the cryo-EM density at this site than an extended AlaPG
head group. MD simulations do suggest a preference for AlaPG
binding at this site, although PG, when present, also remains bound.
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Future work should focus on whether mutation at this site impairs
the aminoacylation activity of MprF.

Given the wide variety of lipid species transported by PaMprF,
particularly its ability to transport giant artificial lipid head groups,
it is possible that PaMprF transports lipid via disruption of the
membrane through local bilayer deformation at the protein surface,
thereby lowering the energy barrier for lipid scrambling (Fig. 9,
right). Such a mechanism has been characterized in other scrambla-
ses (28, 29). In the case of TMEM16 scramblases, membrane defor-
mation occurs in proximity to membrane-exposed hydrophilic
grooves, not unlike the wide membrane-exposed groove formed by
TMD separation in the PaMprF structure presented here. In line
with this, our MD simulations show a strong local deformation of
the outer membrane leaflet at the periplasmic groove. However, fur-
ther conformational change at the TMD interface may be required
to extend the groove to the full width of the membrane. The inspec-
tion of the cryo-EM map region corresponding to the SapNP indi-
cates a slight deformation of the membrane in proximity to the
TMD interface (fig. S14), albeit to a lesser magnitude than observed
in MD simulations. This disparity may be due to the relatively small
amount of lipid included in the SapNP, leading to a more compact
packing of the NPs as compared to more conventional membrane
mimetics with larger lipid:protein ratios (22). Future experimental
assessment of the ability of MprF to deform the bilayer in larger
membrane mimetic systems will help to clarify this issue. No indi-
vidual lipid scrambling events were observed over the course of the
MD simulations performed in this study due to the elastic network
used in the CG simulations preventing any conformational changes
in the protein.

Reconciling the effect of “daptomycin hypersensitizing” muta-
tions described earlier for SaMprF (13) is complex: An actual stimu-
lation of aminoacyl-PG synthesis by mutation may be masked in vivo
by lowered expression levels, as observed for some RtMprF mutants
(19), and both a decrease and a strong enrichment of aminoacyl-PG
in the bacterial membrane may cause increased sensitivity (14).
Nevertheless, the observed stimulation of lipid transport by intro-
duction of a positive charge within the membrane exposed groove of
PaMprF is particularly interesting, as it concurs with MRSA gain-of-
function mutations in a similar location, such as M347R. M347R in
MRSA increases surface-positive charge of bacteria (44), further
supporting the suggestion that positively charged residues at this re-
gion stimulate lipid transport. The mechanism for this stimulation is
unclear; given that these residues line the wide, membrane-exposed
periplasmic exit cavity, one might speculate that the introduction of
large and charged side chains could facilitate the separation of
TMDs, further widening the membrane-exposed groove. Such a ra-
tionalization would be in line with a lipid transport route via this
surface groove, consistent with the indications from membrane de-
formation in MD simulations, the tryptophan mutagenesis of
alternate pathways, and the ability of PaMprF to transport giant PE-
Gylated lipids. A future in-depth characterization of the molecular
mechanism underlying this stimulation could aid in targeting MprF
in daptomycin-resistant S. aureus strains.

MATERIALS AND METHODS

PaMprF cloning, expression, and purification

The PaMprF gene was cloned from PAO1 genomic DNA into the
expression vector p7XC3H (48) and expressed in E. coli C41 with a
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C-terminal 10xHis tag. Cells were grown to an optical density at
600 nm (ODgqo) of 0.6 before induction with 0.5 mM isopropyl-p-
D-thiogalactopyranoside (IPTG) overnight at 20°C. Cells were har-
vested and resuspended in 20 mM Hepes (pH 7.6), 200 mM KCl,
and 10% glycerol and lysed at 30 kpsi with two passes through a cell
disruptor (Constant Systems). Cell debris was removed by centrifu-
gation at 17,000¢ for 1 hour at 4°C, and then membranes were iso-
lated by ultracentrifugation at 100,000g for 1 hour at 4°C. Membranes
were solubilized in 1.2% (w/v) DDM for 1 hour at 4°C and then in-
cubated with Ni Sepharose 6 FF resin (Cytiva) for 1 hour at
4°C. Ni-nitrilotriacetic acid resin was washed with 100 bed volumes
of buffer containing 50 mM imidazole and then eluted with buffer
containing 250 mM imidazole. Eluate was subjected to SEC with an
S200 increase column (Cytiva). The monomeric PaMprF fraction
was pooled and concentrated for downstream experiments. PaMprF
mutants were generated using a Quikchange II site-directed muta-
genesis kit (Agilent) and expressed and purified as for WT PaMprE.
A list of all primer sequences used to generate WT and mutant
PaMprF constructs in this study is given in table S2.

SapA purification

The sequence for human SapA was expressed in a pNIC-Bsa4 vector
(provided by J. Frauenfeld, Salipro Biotech AB, Sweden). The ex-
pression and purification of SapA were performed as described pre-
viously (21). Briefly, transformed Rosetta pLysS E. coli were grown
to an ODgqg of 1.2 before induction with 0.7 mM IPTG overnight at
25°C. Cells were harvested and resuspended in 20 mM Hepes (pH
7.5), 150 mM NaCl, and 20 mM imidazole and lysed at 30 kpsi with
two passes through a cell disruptor (Constant Systems). Lysate was
incubated at 85°C in a water bath for 10 min and centrifuged at
40,000¢ for 1 hour to pellet precipitated proteins. The supernatant
containing SapA was collected and incubated with Ni Sepharose 6
Fast Flow resin (Cytiva) for 1 hour. Affinity resin was washed with
30 bed volumes buffer containing 40 mM imidazole to remove non-
specifically bound proteins before elution with 5 bed volumes of
buffer containing 400 mM imidazole. Eluate was supplemented with
1 mg of His-tagged TEV protease per 12.5 mg of SapA and dialyzed
overnight at room temperature (RT). Dialysate was passed over
re-equilibrated affinity resin and the flow-through collected. Flow-
through was concentrated in 3 kDa molecular weight cut-off
Vivaspin 20 concentrators (Sartorius) and subjected to SEC with an
$200 PG column (Cytiva). The peak fraction was collected and used
for reconstitution with PaMprE

Sybody selection

Sybody selections were performed as described by Zimmerman
et al. (20, 49) against full-length biotinylated PaMprE The PaMprF
gene was cloned into the expression vector pPBXCA3H (48) to intro-
duce a C-terminal AviTag followed by a 3C cleavage site and 10x His
tag; Avi-tagged PaMprF was expressed and purified as described
above [with the exception of cells being induced with 0.02% (w/v)
L-arabinose] and biotinylated with recombinantly purified BirA. All
sybody selection steps were performed at 4°C in buffers supple-
mented with 0.026% (w/v) DDM. PaMprE-specific binders were
enriched by one round of ribosome display followed by two rounds
of phage display. Individual PaMprF-specific binders were identified
by enzyme-linked immunosorbent assay (ELISA) using full-length
PaMprF. A selection of hits displaying a range of ELISA signals
were sequenced, expressed, and purified, and duplicated sequences/
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sybodies with poor SEC elution profiles were discarded. A total of 31
unique sybodies were obtained (for further selection details, see
table S3). The TM region-specific binder Sb29 (from the loop
sybody sublibrary) was identified by pull-down assay with a trun-
cated PaMprF construct of residues 1 to 545 and used for cryo-EM
sample preparation.

Cryo-EM sample preparation and data collection

Purified PaMprF, SapA, and POPC:POPG (7:3 mol/mol), were
mixed at a 1:25:40 molar ratio on ice for 1 hour. Detergent was
removed by incubation with 50 mg of activated Biobeads-SM2
(Bio-Rad) for 1 hour at 4°C, followed by incubation overnight at
4°C with a further 100 mg of Biobeads. PaMprF-loaded SapNPs
were separated from empty SapNPs by SEC and mixed with a 1.2X
molar excess of Sb29 before application to cryo-EM grids. Grids
were prepared by applying 3 pl of PaMprF-Sb29 SapNPs at 0.8 mg/
ml to glow-discharged holey carbon grids (Quantifoil R 1.2/1.3 Cu,
300 mesh). Grids were blotted at 100% humidity and 4°C for 6 s
before being plunge frozen in liquid ethane with a Vitrobot
Mark IV (FEI).

PaMprF-Sb29 SapNP grids were imaged using a Titan Krios
Cryo-TEM (Thermo Fisher Scientific) at the Central Oxford Struc-
tural Molecular Imaging Centre (COSMIC), Oxford, operated at
300 kV with a Gatan BioQuantum energy filter (20 eV) and a Gatan
K3 direct electron detector. Movies were collected at a nominal
%105,000 magnification at 0.83 A/pixel with an 11.4 e™/pixel/second
dose rate for a 2.6-s exposure time, resulting in a total dose of ~42 ™/
A% Movies were collected using a 100-pum objective lens and a defo-
cus range of —2.25 to —0.75 pm in 0.25-pum steps.

Cryo-EM data processing

Datasets were processed in CryoSPARC (50). Briefly, following mo-
tion correction and contrast transfer function (CTF) estimation of
collected movies, particles were picked using blob picker and 2D
classified to produce initial templates that were used for template
picking. Template picked particles were then subjected to multiple
rounds of two-dimensional (2D) classification before the best par-
ticle sets were used for ab initio 3D reconstruction. These particles
were then taken forward to heterogeneous refinement using the ab
initio model low-pass filtered to 12 A as three starting classes. The
particle sets from the best two classes were subjected to a round of
3D classification (using three starting ab initio models low-pass fil-
tered to 12 A and a focus mask with a 15-pixel soft edge that ex-
cluded the SapNP micelle). The particle set comprising the class
with the best defined sybody map was taken forward to local CTF
refinement and used for a final round of nonuniform refinement.
This output was sharpened with a B factor of —85 A%, producing the
post-processed map used for model building.

Model building and refinement

The PaMprE-Sybody29 model was built in Coot (51) using homol-
ogy models of PaMprF and Sybody29 as initial templates. Homolo-
gy models were generated from one chain of the RtMprF cryo-EM
structure [PDB: 7DUW; (19)] and a sybody binder [PDB: 3P0G;
(52)] using SWISS-MODEL (53). Model refinement was performed
in PHENIX (54) with iterative rounds of real-space refinement with
rotamer and secondary structure restraints using the final map at
3.28-A resolution. Statistics for data collection, reconstruction, and
model building are reported in table S4).
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Molecular simulation setup

All simulations were run using GROMACS 2022 (55). MprF was po-
sitioned in a membrane using the Martini 3 CG force field and sol-
vated with water and 0.15 M NaCl to neutralize the system (56). The
membranes were constructed using insane with a 8:1:1 ratio of
PE:PG:AlaPG lipids (57). An elastic network of 500 kJ mol™! nm™2
was applied between all backbone beads between 0.5 and 0.9 nm.
Electrostatics were described using the reaction field method, with a
cutoff of 1.1 nm using the potential shift modifier, and the van der
Waals interactions were shifted between 0.9 and 1.1 nm. The systems
were first energy minimized by steepest descent algorithm to 1000 k]
mol™' nm™" and then simulated for a total of 5 runs of 5 ps. The tem-
perature and pressure were kept constant throughout the simulation
at 310 K and 1 bar, respectively, with protein, lipids, and water/ions
coupled individually to a temperature bath by the V-rescale method
(58) and a semi-isotropic c-rescale (59). The final snapshots from the
CG simulations were then converted back to an atomistic description
using CG2AT2 (60). Lipid density plots were generated by calculat-
ing for each point in space the number of frames in which a specific
lipid was present at that point, displayed as isosurfaces. Binding sites
for PG and AlaPG were identified using PyLipID (31), and atomistic
simulations were set up from bound poses using LipIDens (61).

Atomistic simulations

Simulations of the MprF structure were performed without position
restraints for a total of 100 ns and run in triplicate. In all cases, a 2-fs
time step was used in an NPT ensemble with V-rescale temperature
coupling at 310 K (58) and a semi-isotropic Parrinello-Rahman
barostat at 1 bar, with protein, water/ions, and, if included, lipids
coupled individually (62). Electrostatics was described using the
Particle-mesh Ewald method, with a cutoff of 1.2 nm, and the van
der Waals interactions were shifted between 1 and 1.2 nm. The
TIP3P water model was used, the water bond angles and distances
were constrained by SETTLE (63). H bonds were constrained us-
ing the LINCS algorithm (64). Analysis was performed using
MDAnalysis (65) and visualized in PyMOL (66).

Proteoliposome reconstitution

Chloroform-solubilized lipid stocks of POPC and POPG were
mixed in a 7:3 (mol:mol) ratio along with 0.4 mol % NBD-labeled
reporter lipid. The lipid mixture was dried in a round bottom flask
with a nitrogen stream to form a lipid film. Residual solvent was
removed by drying overnight in a vacuum desiccator. The lipid film
was rehydrated to a total lipid concentration of 20 mg/ml with lipo-
some reconstitution buffer [100 mM Hepes (pH 7.6) and 100 mM
KCl] for 2 hours at RT protected from light to limit NBD photo-
bleaching. Rehydrated lipid was extruded through a 400-nm mem-
brane filter (Merck Millipore) using a mini-extruder (Avanti) 31 times
to form liposomes. Liposomes were incubated with 0.4% (w/v)
DDM for 3 hours at RT. PaMprF at the desired PaMprF:lipid (w/w)
ratio was then added to the destabilized liposomes and incubated at
4°C for 30 min. DDM was removed by the addition of Biobeads-
SM2 (Bio-Rad); 80 mg of Biobeads per ml liposomes were added
and incubated at 4°C for 2 hours. This was repeated with a fresh
batch of Biobeads (80 mg/ml), and then Biobeads (80 mg/ml) were
added to samples for incubation overnight at 4°C. The next morn-
ing, Biobead incubation (80 mg/ml) was performed to ensure
complete DDM removal, and then Biobeads were removed, and
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liposomes were either measured immediately in a fluorescence-
based lipid transport assay described below or frozen in liquid ni-
trogen and stored at —80°C for future use. When using stored
liposomes, samples were thawed and subjected to extrusion as
described above to ensure that liposomes were unilamellar for fluo-
rescence measurements. Variations in the recovery of lipid in the
initial rehydration of lipid films meant that lipid transport measure-
ments could not be directly compared across different batches of
liposomes (28, 67), and so internal controls were included in all
reconstitutions. For experiments using I. tartaricus c-ring as a nega-
tive control, c-ring was provided by T. Meier, Imperial College,
London, UK and was reconstituted into liposomes at a 1:100 (w/w)
c-ring:lipid ratio.

DSPE-PEG2000-NBD lipid synthesis

DSPE-PEG2000-NBD was synthesized as described by Malvezzi et al.
(28). Brietly, 9.8 mg of DSPE-PEG2000-amine (Avanti) and 2.7 mg
of succinimidyl 6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)
hexanoate (NBD-SE, Cambridge Bioscience) were dissolved in
1.5 ml of dichloromethane. 10 pl of triethylamine were added, and
the reaction mix was stirred at RT in the dark for 2 hours. The reac-
tion mixture was separated by TLC on silica gel 60 plates (Merck
Millipore) with a mobile phase of 85:15 chloroform:methanol (v/v).
The DSPE-PEG2000-NBD band was scraped from the plate, and
the lipid was isolated by incubation with 12 volumes of methanol,
followed by filtration to remove silica. The purified DSPE-PEG2000-
NBD was analyzed by mass spectrometry to confirm its identity

(fig. S8).

In vitro lipid transport assay

NBD fluorescence of liposomes was monitored as a time course in
a 2-ml quartz cuvette using a LS55 fluorescence spectrometer
(PerkinElmer). Measurements were taken at 25°C every 3 s at exci-
tation = 460 nm, emission = 520 nm with 10-nm excitation and
emission slit widths, and a 0.5 s integration time. A 40 pl of reconsti-
tuted liposomes were diluted in 2 ml of liposome buffer [100 mM
Hepes (pH 7.6) and 100 mM KCl], and fluorescence was monitored
for an initial 2 min to allow for sample equilibration with constant
stirring. After 2 min, 20 pl of 2 M sodium dithionite (dissolved in
1 M tris) was added to the sample cuvette (20 mM final concentra-
tion), and the evolution of fluorescence over time was measured for
10 min. After 10 min, 20 pl of 10% (v/v) Triton X-100 was added
[0.1% (v/v) final concentration] to solubilize liposomes and expose
any remaining protected NBD to dithionite. For proteinase K ex-
periments, proteoliposomes were treated with proteinase K (0.17 mg/
ml) at 37°C for 30 min before fluorescence measurement.

For BSA back extraction assay measurements, the assay was re-
peated as above, except that fatty acid-free BSA (2 mg/ml; Sigma-
Aldrich) was added at t = 120 s instead of 20 mM dithionite. For
NBD-glucose permeability control experiments and HPTS proton
permeability assays, liposomes were made as described above, but
with NBD-labeled lipid removed from the bulk lipid and replaced
with either 30 pM NBD-glucose or 40 mM HPTS. Following proteo-
liposome formation, liposomes were ultracentrifuged at 100,000g
for 2 hours, and the supernatant was removed. Pelleted liposomes
were washed four times with 100 mM Hepes (pH 7.6) and 100 mM
KCl, and the supernatant was tested for fluorescence to confirm the
removal of any NBD fluorophore not incorporated into liposomes.
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Liposomes were then resuspended in 1 ml of the same buffer for
fluorescence measurements.

Quantification of lipid transport rates

Lipid transport rates were estimated using the model derived by
Malvezzi et al. (28), in which the populations of NBD-labeled lipid
within proteoliposomes can be described by the following three-
state model

L.

1

Y
L—L, (1)

mﬂQ

where L, is the population of NBD fluorescent lipid in the inner leaf-
let of the liposome, L, is the population in the outer leaflet, and L, is
the population of NBD lipid bleached by dithionite. Interconversion
between L, and L, is mediated by PaMprF, with o and p representing
the forwards and reverse rate constants for lipid transport, respec-
tively. y is the rate constant for bleaching of L_ to L, and is irrevers-
ible. As there is a fraction of liposomes that are refractory to protein
insertion, the total fluorescence of the system at any time, F,(t),
is given as

Ftot(t) =f0FPF(t) + (1 _ﬁ))FScr(t) (2)

where Fpp(t) is the fluorescence of protein-free liposomes, F (f) is
the fluorescence of liposomes containing at least one active scram-
blase molecule, and f; is the fraction of liposomes that are protein
free. Fpp(t) can be written in terms of y as

Fpp(t) = L + (1= L )™ ©)

where Lf¥ is the fraction of NBD lipid in the inner leaflet of protein-
free liposomes. Similarly, Fg_(¢) can be written in terms of «, f, and
¥, resulting in the full equation of F, ,(¢)

Fo(O=fo [LiPF + (1 _LiPF)e_W]
+ (1=fo) [ (P +7) (A + o+ B) M +4,B(Ay + o+ p+v)e™'] W

D(a+p)
where
(@+B+7)— 1/ (@+p+y)* —day
A= 5 R
(@+B+7)+ 1/ (@+p+7)* — 4oy
A= 5
and

D= (M+a) (A +p+y) —op

Experimental data were fitted to the model above in R using the
Nonlinear least squares function. Protein-free liposomes were in-
cluded in all reconstitution experiments and traces from protein-
free liposomes fitted to Eq. 3 to obtain estimates of y and LP*.
Proteoliposome data were then fitted to Eq. 4 using these values of y
and L!* to determine values of a and f. Values for y and LF* vary
based on NBD-lipid identity (68), so in experiments assessing sub-
strate specificity, protein-free liposomes were produced for each
NBD-lipid to account for these differences. Fluorescence decay re-
sults are most comparable within a reconstitution experiment due to
variations in lipid recovery during liposome reconstitution (67).
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Hence, for all experiments estimating rate constants, three indepen-
dent liposomes reconstitutions were performed using the same
batch of prepared bulk lipid to account for variation in reconstitu-
tion efficiency. When assessing substrate specificity, the PaMprF:lipid
(w/w) ratio was increased to 1:100 to give larger rate constants for
lipid transport such that differences in rates could be more easily
quantified.

In all liposomes, a slow linear decay in fluorescence can be ob-
served that reflects the combined processes of NBD photobleaching
and slow entry of dithionite into liposomes. The rate constant of this
decay was determined in all reconstitutions to be of the order
~107" 57!, similar to other values reported in the literature (28, 69).
As this decay is several orders of magnitude smaller than the deter-
mined lipid transport rate constants, it was not included in proteoli-
posome analysis as it had a negligible effect on the determined rate
constants from fitting.

Variations in fj affect the determined values of a and p. As the
same concentration of WT and mutant PaMprF was used in ex-
periments investigating mutagenic effects on transport, the values
of fo, a and B were determined for the most catalytically active
construct (proteoliposomes that gave the greatest decrease in fluo-
rescence on dithionite addition), and then this estimated value of
fo was fixed for other proteoliposomes within the same reconstitu-
tion experiment.

Statistical analysis

For analysis of lipid transport rates, independent liposome reconsti-
tutions were performed (n > 3). Rate constants were estimated as
described above and displayed as the mean with error bars repre-
senting SD. For assessment of lipid specificity, unpaired t tests were
performed for each lipid tested compared to NBD-AlaPG (table S5).
For investigation of common activators, unpaired t tests were per-
formed for each condition compared to liposomes in the absence of
an activator (table S6). For investigation of mutant PaMprF activity,
unpaired ¢ tests were performed for each mutant compared to WT
PaMprF (table S7).

Supplementary Materials
This PDF file includes:

Figs.S1to S14

Tables S1to S7
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