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Glycerophospholipids are synthesized primarily in the cytosolic leaflet of the endoplasmic
reticulum (ER) membrane and must be equilibrated between bilayer leaflets to allow the
ER and membranes derived from it to grow. Lipid equilibration is facilitated by integral
membrane proteins called “scramblases.” These proteins feature a hydrophilic groove
allowing the polar heads of lipids to traverse the hydrophobic membrane interior, similar
to a credit card moving through a reader. Nevertheless, despite their fundamental role
in membrane expansion and dynamics, the identity of most scramblases has remained
elusive. Here, combining biochemical reconstitution and molecular dynamics simula-
tions, we show that lipid scrambling is a general feature of protein insertases, integral
membrane proteins which insert polypeptide chains into membranes of the ER and
organelles disconnected from vesicle trafficking. Our data indicate that lipid scrambling
occurs in the same hydrophilic channel through which protein insertion takes place and
that scrambling is abolished in the presence of nascent polypeptide chains. We propose
that protein insertases could have a so-far-overlooked role in membrane dynamics as
scramblases.

membrane biology | lipid transport | membrane proteins | molecular dynamics |
cellular organelles

A defining feature of eukaryotic cells is the presence of membrane bilayers that separate
them from their environment and delineate intracellular organelles with specialized func-
tions. Lipids, the main building blocks of membranes, are primarily synthesized in the
cytosolic leaflet of the endoplasmic reticulum (ER) (1). From there, since most of them
are unable to spontaneously translocate between leaflets due to the associated high energy
barrier for interleaflet crossing, they are equilibrated to the ER’s luminal leaflet by integral
membrane proteins called “scramblases,” allowing expansion of the ER membrane and
vesicles that bud from it (2). Alternatively, lipids from the ER’s cytosolic leaflet can be
transported to the cytosolic leaflet of another organelle by lipid transport proteins (3). At
the receiving organelle, lipids must also be scrambled between membrane leaflets to allow
for its membrane expansion. This is the case for autophagosomes (4-6), and likely for
organelles disconnected from vesicle trafficking pathways, like mitochonderia, that rely on
protein-mediated transport rather than vesicle trafficking for both their protein and mem-
brane lipid supply (4, 7).

While the role of scramblases in membrane biogenesis and homeostasis is widely
accepted (8, 9), their identity is mostly unknown and only a handful of scramblases have
been identified and characterized. These include mainly plasma membrane proteins, such
as the well-studied TMEM 16 (10-12) and XK families that scramble phosphatidylserine
during apoptosis (9). Lipid scramblases of intracellular organelles have been more elusive
(9), but recently discovered ER scramblases, VMP1 and TMEM41B, are proposed to
work in combination with lipid transport proteins to facilitate lipid transport from the
ER (4, 13, 14). A common feature of protein scramblases is the presence of a hydrophilic
groove facing the hydrophobic membrane core which allows lipids to slide between hydro-
philic membrane surfaces, much like a credit card through a reader (“credit-card model”)
(15). Additionally, these proteins may facilitate scrambling by locally thinning the mem-
brane, shortening the distance that lipid headgroups must traverse to cross the bilayer
(16). Most likely, one or both of these features are shared by the still unidentified scram-
blases with roles in membrane biogenesis.

Similar structural features, i.e., the presence of a hydrophilic channel in the intermembrane
space and the ability to locally thin membranes (17, 18) are shared by another family of
integral membrane proteins that is localized in both the ER and organelles disconnected
from vesicle trafficking, like mitochondria: protein insertases that translocate peptides across
membranes. These structural analogies prompted us to investigate whether insertases could
also function as lipid scramblases, thus playing a role not only in nonvesicular protein traf-
ficking but also in nonvesicular lipid transfer. Here, we present in vitro and in silico evidence
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Significance

Scramblases, proteins that
equilibrate glycerophospholipids
between the leaflets of
membrane bilayers, are essential
for the synthesis of new
membranes for organellar
maintenance or biogenesis. Yet,
their identity is largely unknown.
Biochemical and in silico data
presented here indicate that
another group of proteins that
also functions in organelle
maintenance and biogenesis,
protein insertases that
translocate peptide substrates
across membranes, have the
ability to scramble lipids. Cells
lacking insertases are known to
exhibit defects in membrane
morphology or lipid metabolism
consistent with a role for
insertases as scramblases. These
findings suggest insertases as
among the elusive scramblases
that participate in membrane
dynamics.
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that lipid scrambling activity is a general feature of protein insertases.
We propose that this class of proteins may be among the elusive
scramblases with roles in membrane dynamics and expansion.

Results

In Vitro Investigation of Insertase Lipid Scrambling Function. To
investigate whether insertases have the ability to scramble lipids,
we reconstituted a subset of known insertases into liposomes
for use in a well-established fluorescence-based lipid scrambling
assay (19-21) (Fig. 1A4). In this assay, bovine serum albumin
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(BSA) is added to liposomes or proteoliposomes comprising a
small percentage (0.5%) of short-chain nitrobenzoxadiazole
(NBD)-labeled lipids distributed evenly between both bilayer
leaflets. BSA extracts NBD-labeled lipids from the outer leaflet
of liposomes, and because the fluorescence of NBD-lipids is
reduced by ~50% upon binding by BSA, a ~25% decrease in
fluorescence is observed. In the presence of a scramblase, over
time, all NBD-lipids in the liposome bilayer become accessible to
BSA, allowing for a larger fluorescence reduction of up to 50%,
although in practice the reduction is often smaller (35 to 45%)
because a fraction of liposomes is refractory to reconstitution
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Fig. 1. Multiple protein insertases have lipid scrambling activity in vitro. (A) Schematic of the BSA back extraction assay. (B-D) Members of the Oxa1 superfamily
(YidC, Get1, and the Get1/2 complex) can scramble glycerophospholipids. (E and F) The p-barrel membrane protein insertase, Sam50 in complex with Sam35 and
Sam37, and the bacterial ortholog of Sam50, BamA, have scrambling activity. (G) The outer mitochondrial membrane insertase MTCH2 scrambles. (H) Oxa1 itself
scrambles. (/ and /) Negative controls, GIpG and VAMP2, do not scramble. Proteoliposomes used in the assays were analyzed by SDS-PAGE (/nsets) to confirm
efficient reconstitution; approximate numbers for proteins/liposome were estimated assuming 50% recovery of lipids after reconstitution. (See Methods for
exact liposome compositions, details of which varied according to experimentalist, and S/ Appendix, Fig. S2 for size exclusion chromatographs and SDS PAGE
analyses of the purified proteins). The experiments to monitor fluorescence were conducted using a platereader; breaks in the x (time)-axis, corresponding to
BSA addition, are indicated. Since the scrambling reactions go to completion within this time window [except for Oxa1, in panel (H), reconstituted into liposomes
at higher concentration], the assays are qualitative for scrambling. See S/ Appendix, Fig. S4 for spectrofluorometer data, including data that Oxa1 reconstituted

at lower concentration has robust scrambling activity.
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or because some liposomes contain internal membranes. Note
that for most known scramblases, the scrambling rate is faster
than BSA diffusion/back extraction used to monitor the reaction
(6, 21-23), so that the assay does not inform as to detailed kinetics.
Note also that in contrast to a similar assay that uses dithionite
to reduce surface-accessible NBD (21), the BSA back extraction
assay can also be used with pore-forming proteins (since BSA is
too large to enter the liposome lumen through the pore), and it
is thus well suited to assay scramblase candidates of unknown
structure or oligomeric state, including those whose pore-forming
ability is unknown.

We reconstituted a recently identified mitochondrial human
insertase MTCH?2 (24) as well as members of the well-studied
Oxal (25) and Omp85 (26) superfamilies. Both MTCH?2 and the
Oxal proteins feature all-alpha-helical transmembrane (TM)
domains, whereas the Omp85 proteins are beta-barrels (S Appendix,
Fig. S1). Among Oxal proteins, we investigated the inner mito-
chondrial membrane protein Oxal itself, the ER-resident Guided
Entry of Tail-anchored proteins (GET) complex (WRB-CAML
complex in metazoa), and the bacterial insertase YidC. In the
Omp85 family, we investigated bacterial BamA as well as the
Sorting and Assembly Machinery (SAM) complex of the outer
mitochondrial membrane. The insertases were isolated in detergent,
purified sequentially by affinity and size exclusion chromatography
(SI Appendix, Fig. S2), and reconstituted into liposomes using the
swelling method (27); then, the resulting mixture of liposomes and
proteoliposomes was further purified by flotation in a density gra-
dient, which allowed removal of unreconstituted proteins and
defective liposomes (SI Appendix, Fig. S3). For those proteins for
which the reconstitution into proteoliposomes was less efficient,
we also discarded the protein-devoid liposomes in the very top-most
fraction of the density gradient. YidC (Escherichia coli), the Getl
subunit of the GET complex (S. cerevisiae), the GET complex
(comprising both Getl and Get2 from S. cerevisiae), BamA (E.
coli), the SAM complex (comprising Sam50, Sam35, and Sam37
from S. cerevisiae), and MTCH2 (Homo sapiens) all scrambled lipids
robustly in the BSA back extraction assay (Fig.1 B-G and
SI Appendix, Fig. S4). Oxal (S. cerevisiae) also scrambled lipids
robustly when reconstituted at lower concentrations (S Appendix,
Fig. S4), but rates were slower than BSA back extraction at higher
concentrations (Fig. 1H and SI Appendix, Fig. S4). A likely expla-
nation is that proteoliposomes reconstituted with higher concen-
trations of Oxal clustered (S7 Appendix, Fig. S4), reducing BSA
access and resulting in slowed back extraction. As reported previ-
ously, the TM protease GlpG did not scramble (4), nor did the
SNARE VAMP2 (Fig. 1 7 and ). Thus, these data support the
hypothesis that scrambling activity might be a general property of

insertases.

High-Throughput Coarse-Grain Molecular Dynamics Simulations
Are Predictive for Scrambling Activity by Proteins. To more
broadly investigate lipid scrambling by insertases, we opted to
use molecular dynamics (MD) simulations at the coarse-grain
(CG) level of theory, since this methodology has been shown
to reproduce well the activity of various scramblases (28, 29),
and thus provides a cost-effective alternative to experimental
approaches. In short, after in silico reconstitution of proteins into
model lipid bilayers, the interleaflet dynamics of all lipid molecules
in the system were followed over time, and transbilayer movement
of individual lipids was quantified (Fig. 24).

As a first step, we validated our approach by investigating lipid
scrambling in silico for multiple known lipid scramblases, ranging
over a diverse set of 3D structures, folds, oligomeric states, and
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organisms (Fig. 2B). Our dataset includes TMEMI16F (12),
TMEM41B (4, 14), VMP1 (4, 14), ATG9 (4-6), VDAC1 and
VDAC?2 (28), Rhodopsin (21), and MCP1 (30) (Fig. 1B). For all
proteins, two replicates of 10 ps were run and multiple lipid scram-
bling events were observed during the MD trajectory, in agreement
with the available experimental results. For several proteins, various
oligomeric states as reported in the literature were tested (S Appendix,
Fig. S5), and the observed trends for lipid scrambling agree with
available experimental data. These include, for example, the dimer-
ization requirement for VDAC beta-barrels for proper lipid scram-
bling, or the higher activity for VDAC2 with respect to VDAC1
(28) (Fig. 2B and S Appendix, Fig. S5).

Next, we tested our methodology for several negative controls,
i.e., proteins that have been shown to not have lipid scrambling
activity. In addition to pure lipid bilayers, where no scrambling was
observed (Fig. 2C), we investigated three bona fide negative con-
trols, the thomboid protease GlpG (4), the lipid synthase DGGGp
(14, 31) and the SNARE protein VAMP?2 (this work). In addition,
we tested proteins that are not supposed to work as lipid scram-
blases, such as two lysolipid flippases, Spns1 (32) and Mfsd2a (33),
and six lipid flippases, ABCB1 (34), ABCB4 (35), ABCB11 (36),
MsbA (37), PglK (38), and SERCA2b (39), including in different
conformational states along the lipid flipping cycle (Fig. 2C). In all
cases, no or negligible lipid transbilayer movement was observed
(Fig. 2C). Finally, we tested the ability of our MD protocol to dis-
criminate between known active (open) and inactive (closed) states
of scramblases (40, 41). To this end, we tested different conforma-
tions (open vs. closed) of human TMEM16K and, in agreement
with in vitro experiments (40, 41) and previous Coarse-Grained
Molecular Dynamics (CG-MD) (40) and all-atom simulations (16)
we observed significant scrambling activity exclusively in the open
conformations (S/ Appendix, Fig. S6).

Opverall, our data suggest that CG-MD simulations can repro-
duce the experimentally characterized lipid scrambling activity of
membrane proteins, including its dependency on protein confor-
mation and oligomerization state.

Protein Insertase Complexes Have Scrambling Activity In Silico.
To further support our hypothesis that protein insertases could
function as lipid scramblases, we first used CG-MD simulations
to investigate lipid scrambling for several members of the Oxal
family in their monomeric form. In addition to Getl, Oxal, and
YidC, as in the in vitro experiments above, we also investigated
MisCB (Bacillus subtilis), OXA1L (H. sapiens), Cox18 (S. cerevisiae),
Alb3 (Arabidopsis thaliana), Emc3 (S. cerevisiae), and TMCO1 (H.
sapiens). Using our approach, we could indeed observe that all tested
Oxal family insertases can scramble lipids in silico (Fig. 34).

Next, since several Oxal family proteins, such as ScGetl,
ScEme3, and HsTMCO1 are subunits of larger dedicated protein
insertion complexes, such as the GET- (42), ER membrane pro-
tein- (EMC) (43), and GET- and EMC-like- (GEL) (44) com-
plexes, respectively, we extended our simulations to all the major
protein insertase complexes. In addition to the SAM complex and
MTCH2 studied biochemically (Fig. 1), we investigated the mito-
chondrial Translocase of the Outer Membrane (TOM) (45),
Translocase of the Inner Membrane 22 (TIM22) (46, 47), and
Translocase of the Inner Membrane 23 (TIM23) (48) complexes,
(Fig. 3B). Our results indicate that all these mitochondrial com-
plexes which engage in protein insertion, translocation or assembly
into the membrane have clear scramblase activity in silico (Fig. 3B).
In addition, insertases in the SoLute Carrier (SLC) family such as
MTCH1 and MTCH2 also presented scrambling activity (Fig. 38
and SI Appendix, Figs. S7-S9).

https://doi.org/10.1073/pnas.2319476121
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Fig. 2. CG simulations recapitulate known activity of lipid scramblases. (A) Protocol used to quantify lipid scrambling in CG-MD simulations. For denoising
purposes, the time traces for each final angle were smoothened by averaging over a 50-ns window and data points were collected each 25 ns. A scrambling
event was counted when a lipid in the upper leaflet moved to an angle greater than 125°, and when a lipid in the bottom leaflet moved to an angle lower than
55°. These thresholds are highlighted by green lines. (B) CG-MD simulations reproduce lipid scrambling activity by known lipid scramblases of different structures
and oligomerization states. (C) CG-MD simulations correctly reproduce lack of lipid scrambling activity by proteins that do not have scrambling activity in vitro.
AlphaFold structures are denoted by the * symbol, oligomerization state is in parenthesis.

Next, we focused on the major ER protein insertion complexes.
In addition to the GET complex studied in vitro, we examined
GEL, EMC, Protein Associated with Translocon (PAT) (49),
ER-Associated protein Degradation (ERAD) (50), Back Of Sec
(BOS) complex (51), SEC61, TRanslocon-Associated Protein
(TRAP), and OligoSaccharylTransferase A (OSTA) complexes
(52) (Fig. 3C). Again, all these ER complexes display lipid scram-
bling activity in silico (Fig. 3C). Interestingly, even for the only
insertase complex showing low activity in our simulations (PAT,
Fig. 3C), we were able to identify a component with high lipid
scrambling activity: Asterix (S Appendix, Figs. S10 and S12). A
caveat is that in the absence of any experimental structure, we
relied entirely on the AlphaFold-derived structures of both Asterix
and the complex. In the AlphaFold structure, which is consistent
with the cryo-EM structure for PAT in a multipass translocon
(51), Asterix lipid scrambling ability is inhibited by its interaction
with its binding partner CCDC47 (SI Appendix, Figs. S10 and
S12), but we cannot exclude that the AlphaFold prediction for
the complex is inaccurate, making a conclusion that Asterix does
not scramble in the PAT complex premature.

Notably, our results show that lipid scrambling activity is pro-
moted by specific proteins in the complexes, and that not all
components of these complexes scramble lipids (S Appendix,

https://doi.org/10.1073/pnas.2319476121

Figs. §7, S10, and S13). Interesting examples in this context are
the mitochondrial ScTIM23 complex and the ER ScEMC.
ScTIM23 is formed by three chains, two of which are integral TM
proteins (Tim17 and Tim23) and one exposed to the mitochon-
drial matrix (Tim44) (S/ Appendix, Figs. S7 and S9). The TM
chain reported to be directly involved in protein insertion is
Tim17, while Tim23 was suggested not to be involved. In agree-
ment, we observed lipid scrambling exclusively for Tim17
(SI Appendix, Fig. S7). One additional component suggested to
be a part of ScTIM23, Mgr2, was proposed to act as a seal/cap for
Tim17, in relation to the insertion of specific substrates (48);
notably, when present in our simulations (S/ Appendix, Fig. S7)
Mgr2 reduces lipid scrambling by Tim17 significantly, in agree-
ment with what was previously proposed regarding its role in the
ScTIM23 complex. The EMC, on the other hand, is composed
of eight chains (Emc1-7 and Emc10, ST Appendix, Figs. S10 and
S11), of which at least five are TM (Emc1, Emc3, Emc4, Emc5
and Emc6). Our results are consistent with the fact that both
Emc3 and Emc4 are part of the vestibule for protein insertion
(43), as we observed lipid scrambling only for these two compo-
nents (Fig. 34 and SI Appendix, Figs. S10 and S11).

Taken together, our CG-MD simulations confirm and extend
our in vitro observation (Fig. 1) that insertase proteins have the

pnas.org
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complexes. Right: In silico lipid scrambling quantification. (C) ER insertase complexes have in silico lipid scrambling activity. Left: 3D structure of selected ER insertase
complexes. Right: In silico lipid scrambling quantification. AlphaFold structures are denoted by the * symbol, number of proteins in the complex s in parenthesis.

ability to scramble lipids. The extent of lipid scrambling depends
on protein conformation, oligomerization, and interaction with
other members of the insertase complex.

Lipid Scrambling and Protein Insertion Share Similar Pathways.
As all insertase complexes tested have lipid scrambling activity
(Figs. 1 and 3), we next wondered whether, as hypothesized,
lipid scrambling is facilitated by the same hydrophilic groove that
promotes membrane protein insertion. Analysis of our trajectories
indicates that the main lipid scrambling pathway is localized in the
same protein region where protein insertion has been described to
take place, and that lipid movement follows a “credit card-like”
motion (Fig. 4A4). In detail, the mechanism by which lipids are
scrambled is mediated by direct interactions between the lipids’
polar heads and protein polar residues in the insertion cavity, thus
preventing unfavorable contacts between the polar head of the
lipid and the hydrophobic interior of the membrane, and in turn
avoiding the interaction between the polar residues located in the
insertion region and the hydrophobic body of the membrane. In
Oxal family proteins, for example, lipid scrambling happens at
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the hydrophilic interface between three highly conserved a-helices
in this family (Fig. 44). Similarly, correlation between insertion
and scrambling was preserved in our simulations for AMTCH2,
ScTim22, and ScTim17, where scrambling occurs in the described
insertion region (Fig. 44).

To further validate this observation, we tried to abrogate lipid
scrambling by replacing polar residues in the hydrophilic cavity
with hydrophobic ones (Leu), and specifically in the insertase Get1
(SI Appendix, Fig. S14). We observed that lipid scrambling activity
is very robust, and we could abrogate lipid scrambling in silico in
Getl only after 10 mutations were introduced in its hydrophilic
channel (87 Appendix, Fig. S14). However, the use of an elastic
network in our CG simulations does not allow us to investigate
the effect of potential mutations-induced protein conformational
changes, and even after 10 mutations, our simulations are repre-
sentative of a protein conformation with an open cavity for protein
insertion, which may not correctly describe what happens in vitro.
Unfortunately, we were unable to produce and test in vitro Getl
with such a high number of mutations as the protein does not
fold correctly, and we are thus unable to confirm the importance
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Fig. 4. Lipid scrambling takes place via the same mechanistic pathway as protein insertion. (A) In silico lipid scrambling pathway (orange) in selected protein
insertases. The position of the lipid polar head at different times along the scrambling pathway is depicted with orange spheres. Regions involved in protein
insertion are shown in green, blue, and cyan for Oxa1 family proteins, while residues involved in protein insertion are shown in blue for HSMTCH2, ScTim17 and
ScTim22. (B) Protein scramblases induce limited (0.2 nm on average) membrane thinning. (C) Membrane thickness has minimal correlation with lipid scrambling
activity in silico. (D) Mutants proposed to decrease protein insertion activity also reduce lipid scrambling. (E) The presence of a nascent polypeptide inside the
protein hydrophilic cavity abolishes lipid scrambling. Left: HSMCTH2. Right: HSOXA1L. (F) Different conformations of Sec61 (lateral gate open, partially open,
and closed) have different lipid scrambling activity. AlphaFold structures are denoted by the * symbol. The number of proteins in the system is in parenthesis.

of the hydrophilic channel via in vitro experiments. Further efforts
will be required to find key residues that suppress lipid scrambling
by insertases in a similar manner as has been done with single
mutations to inactivate and/or activate lipid scrambling in
TMEM16 members (53, 54).

In addition to promoting lipid scrambling by favorable inter-
actions with membrane-buried polar and charged residues, we
also observed that our dataset of “in silico” scramblases also mod-
erately thin (by 0.2 nm on average) the membrane bilayer in its
local (R = 1 nm) proximity (Fig. 4B), as previously proposed for
lipid scramblases (16, 55). However, we observed only marginal
correlation between lipid scrambling and membrane thinning
(Fig. 4C), suggesting that while scramblases do indeed thin the
membrane, this does not appear to be the main molecular mech-
anism responsible for lipid scrambling, at least for the dataset of
positive lipid scramblases (including protein insertases) we tested.

Opverall, our results suggest that lipid scrambling might employ
the same mechanistic pathway used in protein membrane inser-
tion. To further test this hypothesis, we performed simulations of
insertase mutants that have been shown to reduce protein insertion
[HsMTCH2 (24), HsAsterix (51), HsTim17 and ScTim17 (48),
and BAYidC (56)]. In all cases, we observe reduced scrambling by
these protein mutants (Fig. 4D). We further performed MD sim-
ulations of two distinct insertases, HsOXA1L and HMTCH?2, in
the presence of nascent peptides in the insertion cavity (24, 57)
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(Fig. 4E). In both cases, we observed that when the nascent pep-
tide stays in the cavity, no lipid scrambling occurs (Fig. 4F).
Finally, for the specific case of Sec61, we tested its ability to scram-
ble lipids in its “closed” and “open” states (52, 58, 59), and our
results indicate that when the Sec61 lateral gate is partially closed
or closed, lipid scrambling is strongly reduced or abolished, respec-
tively (Fig. 4F). Since the state of the lateral gate has been shown
to correlate with protein insertion (60), this result further suggests
that lipid scrambling uses the same mechanistic pathway as protein
membrane insertion.

Discussion

Our key finding is that proteins with the capability to insert pol-
ypeptide chains into lipid bilayers can also act as lipid scramblases,
i.e., they can facilitate lipid translocation from one leaflet to the
other. To reach this conclusion, we first used the most reliable
approach to investigate lipid scrambling (27): biochemical recon-
stitution of membrane proteins into liposomes together with an
in vitro scrambling assay. Even though this method is labor inten-
sive, we succeeded in purifying, reconstituting, and assaying seven
insertase proteins/complexes. For all of them, we consistently
observed lipid scrambling activity in vitro.

Next, using the in vitro data, including both our results as well
as previous reports (4-6, 12, 14, 21, 28, 30), as a reference, we
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established MD simulations as a robust tool for the assessment of
lipid scrambling activity. Despite intrinsic limitations of this meth-
odology, and specifically its established overestimation of lipid
scrambling rates due to the smoother free energy profile by 2 to
3 orders of magnitudes compared to in vitro experiments (28, 54,
61-63), this approach allowed us to delve more deeply into the
molecular mechanisms underlying lipid scrambling, and its cor-
relation with membrane thinning and protein insertion. Moreover,
by leveraging the wealth of 3D structures available for insertases
and insertase complexes from structural studies (46-48, 52) and
AlphaFold predictions (64, 65), MD simulations allow for large
high-throughput screening of proteins and protein complexes in
a relatively inexpensive, fast and accurate manner, outcompeting
the limited scope of biochemical reconstitution approaches.
Specifically, we directly tested in silico more than 150 distinct
proteins and/or complexes, extending and generalizing our in vitro
observations. A key advantage of MD simulations in this context
is the ability to establish correlations between lipid scrambling
activity and specific protein conformations (e.g., open vs. closed
states) and protein complex assembly.

From a mechanistic perspective, a plausible hypothesis is that
protein insertion into the membrane bilayer requires lipid rear-
rangements, both within and between membrane leaflets. In other
words, the scrambling of lipids between leaflets might result in a
local decrease of lipid packing, hence lowering barriers for protein
insertion. Our observation that lipid scrambling happens in the
same groove in which protein insertion takes place suggests that
the two mechanisms are unlikely to be simultaneous. Rather,
scrambling might precede protein translocation, promoting a
poorly packed membrane environment conducive for protein
insertion, or follow it to re-equilibrate the membrane bilayer.
Overall, even if we were not able to test in vitro whether scram-
bling is required for insertion activity, because peptide insertion
activity is more sensitive to mutation than scrambling activity, our
results indicate that lipid scrambling could potentially be a general
mechanism for local remodeling of membranes. Indeed, in support
of our notion that lipid scrambling could alter membrane prop-
erties, a recent study indicates lipid scrambling as a mechanism
to lower membrane bending stiffness (66).

Critically, lipid scrambling can take place independently of pro-
tein insertion and, as such, can be considered as a distinct activity.
Thus, we propose that protein insertases might have a major, pre-
viously overlooked, function in addition to protein insertion,
namely as lipid scramblases. Notably, insertases are localized in
those organelles that require scrambling activity for membrane
maintenance or expansion. These include not only the ER, where
most integral membrane proteins enter the secretory pathway and
most lipids are synthesized, but also organelles that are discon-
nected from vesicular trafficking and rely on both protein-mediated
protein and lipid delivery, like mitochondria. Our data support a
model where a single class of proteins, insertases, plays two roles
in nonvesicular trafficking; in protein trafficking, their currently
recognized function, and also in lipid transfer. Intriguingly, and
consistent with this notion, it has been suggested that certain pro-
tein insertases might localize at membrane contact sites, where
protein-mediated lipid transport also takes place (67, 68).

That insertases function more broadly in membrane lipid
dynamics to participate in membrane growth and expansion
would help to rationalize a number of puzzling in cellulo obser-
vations connecting lipid metabolism and transport with protein
insertases. These include the role of the EMC in protein-mediated
lipid transport between the ER and mitochondria (69); abnormal
mitochondrial and lipid droplet morphologies in ERAD-defective
brown adipocytes (70); the hypersensitivity to saturated fatty acids
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of GET complex deletion mutants (71); failed thylakoid compart-
ment biogenesis in the absence of the Oxal family insertase Alb3
(72); mitochondrial morphology defects in the absence of
MTCH?2 (73) or upon Sam50 depletion (74, 75). Because scram-
bling and protein insertion make use of the same hydrophilic
groove but scrambling activity is more robust than protein inser-
tion (it is easier to move a lipid headgroup than an entire peptide
across the membrane), it is challenging to uncouple these activities
to definitively attribute such lipid metabolism or membrane mor-
phology defects to a defect in scrambling. Indeed, because protein
insertion was the only known function of these proteins, mem-
brane defects arising from their dysfunction were ascribed primar-
ily to misfolding or mislocalization of the insertases’ protein
substrates. However, their null phenotypes are similar to those
observed for ATG9, VMP1, or TMEM41B scramblases thought
to function in membrane and organelle biogenesis, which include
abnormal lipid distributions in cells or failures in organelle for-
mation (5, 6, 13, 76, 77); and the observed phenotypes equally
well reflect dysfunctional membrane dynamics.

While the molecular mechanisms underlying protein-mediated
lipid transport are not yet well understood, an emerging model
posits a partnership between bridge-like lipid transfer proteins
and scramblases (4, 7). Specifically, for a membrane bilayer to
expand, lipids delivered to its cytosolic leaflet by lipid transport
proteins must be scrambled between the leaflets of the bilayer. In
this context, several bridge-like lipid transport proteins are
reported to interact with insertases of the mitochondria: Mdm10
in the ERMES complex (78), which mediates glycerophospholipid
transport between the ER and mitochondria in yeast, interacts
with the SAM complex via its Sam50 component (79). ATG2, a
lipid transporter mediating diverse functions including autopha-
gosome biogenesis (80—82), is reported to interact with the TOM
complex (83). And both MTCH2 and TOM reportedly associate
with the bridge-like lipid transporters VPS13A and VPS13D
based on high throughput proteomics (84, 85). Scramblases in
the ER may also be required to re-equilibrate its membrane bilayer
as transport proteins extract lipid cargo from its cytosolic leaflet
only. Thus, ERMES interacts with the EMC in the ER, and the
interaction is required for phosphatidylserine transport to mito-
chondria (69). Hence, the protein insertases Sam50, TOM,
MTCH2, and the EMC could support lipid transport as scram-
blases. As noted before, the scramblases that participate in lipid
transport systems have for the most part not been identified, and
our results indicate known insertases in the ER and mitochondria
as attractive candidates.

Since there are many insertases in the ER and in mitochondria,
each with different substrate preferences for insertion, this implies
the existence of multiple scramblases in these membranes. However,
our results in no way suggest that insertases are the only scram-
blases, and it is almost certain that still other classes of proteins
[but clearly not all integral membrane proteins as per our in silico
data and previous studies (86)] might also harbor scrambling activ-
ity. Scramblases may well be exceptions to the current paradigm
of one protein-one function. For example, the TMEM16 proteins
and VDAC1/2 in the mitochondria were well characterized as ion
channels (87-89) and were subsequently shown also to scramble
lipids (12, 28). Hence, the potential lipid scrambling activity of
other proteins or classes of proteins will need to be examined on
a case-by-case basis. For those proteins with other functions addi-
tional to scrambling, whether these functions are simultaneous
with scrambling or happen independently as a result of different
physiological clues (e.g., protein localization, post-translational
modifications, protein-protein interactions, etc.) is a promising
future research area.

https://doi.org/10.1073/pnas.2319476121
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Opverall, lipid scramblases have been elusive players in mem-
brane homeostasis, and their identities are only recently starting
to emerge (9). Our study more than doubles the number of known
lipid scramblases, describing tens of new ones. Our results high-
light that integral membrane proteins could have additional func-
tions beyond those currently known and suggest protein insertases
as players in membrane dynamics, including in nonvesicular lipid
transport. We expect that this concept will turn out to be particu-
larly helpful not only in the interpretation of numerous existing
observations, and especially genetic and physical interactions, but
will also open future research directions by blurring the lines
between the fields of membrane and protein homeostasis.

Methods

Materials. All the lipids, including POPC (Cat. #850457C), POPE (Cat. #850757C),
Soy PI (Cat. #840044), NBD-PE (Cat. #810151P), NBD-PC (Cat. #810122), and
NBD-PG (Cat. #810161P) were purchased from Avanti Polar Lipids. All detergents
were purchased from Anatrace. Bio-Beads™ SM2 Adsorbent Medium was pur-
chased from BIO-RAD (Cat. #152-3920). The anti-FLAG M2 resin (Cat. #A2220),
EDTA-free Roche cOmplete protease inhibitor cocktail (Cat. #4693159001),
and Optiprep density gradient medium (Cat. #D1556) were purchased from
Sigma Aldrich. Fatty acid-free BSA was purchased from AmericanBio. The
Expi293™ Expression System Kit was purchased from Thermo Fisher Scientific
(Cat. #A14635). The powdered Luria Broth and Terrific Broth were from RPI (Cat.
#L24060 and T15100), Teknova, and Fischer Scientific (BP9723).

In vitro Studies.

Plasmids. The sequence encoding full-length S. cerevisiae Get1 was cloned into
the pET-Duet vector with an N-terminal His,-tag. The Get2-1sc-His, construct was
a gift from M. Mariappan*. The sequences encoding full-length £. coli YidC and
BamA (including the N-terminal signal sequence of the latter) were cloned into
the pET-29 vector with C-terminal His,-tags. Residues 43-402 of S. cerevisiae
Oxa1, corresponding to the mature protein, were also cloned into the pET-29 vec-
torwith a C-terminal His-tag. The Get2-1sc mutant (T42 1L/K428L/K433L/W459L/
Y461L/S495L/G497L/W501L/NSO5L/N508Lin Get1) sequence was synthesized
by Genewiz. Condon-optimized sequences encoding full-length S. cerevisiae
SAM50 (N-terminally 3xFlag tagged), SAM35 (no tag), SAM37 (N-terminally
Strep tagged), and human MTCH2 (N-terminally 3xFlag tagged) were individually
cloned into pCMV-10 vector. The GIpG expression plasmid was a gift from Y. Ha*.
The glycerol stock of Rosetta2 cells containing the pTW2-Vamp2-His, plasmid
was generously provided by the laboratory of J. Rothman*.

Expression and purification of proteins.

Hiss-Get1, Get2-1sc-Hise, and the Get2-1sc mutant. Proteins were expressed
and purified as previously described with modifications (90). The Get2-1sc WT and
mutant constructs were transformed to LOBSTR BL21 E. coli cells (Kerafast) and Get1
was expressed in E. coli Ros2(DE3)/plysS (Novagen). The overnight culture was inocu-
lated into homemade TB medium and cultured at 200 rpm, 37 °C until 0D, reached
0.6. Protein expression was induced with 0.4 mM IPTG at 17 °Cfor 18 h for Get2-1sc
and 37 °Cfor 18 h for Get1. Cells were harvested, resuspended in buffer A(500 mM
NaCl, 50 mM HEPES, pH 8.0, 10% glycerol, and T mMTCEP), and lysed by five passes
through the Emulsiflex-C5 microfluidizer. The crude lysate was centrifuged at 10,000 g
for20 min and the supernatant was further spun at 40,000 rpm for 2 hin aTi45 rotor.
The membrane pellet was homogenized in buffer A supplemented with 1% Anapoe-
C12E9 (Anatrace) or n-Dodecyl-N, N-Dimethylamine-N-Oxide (LDAO, Anatrace), and
incubated at 4 °C for 2 h with constant mixing. The suspension was centrifuged at
15,000 rpm for 30 min in a JA-20 rotor. The supernatant that contains the extracted
proteins was incubated with Ni-NTA resin at4 °Cfor 30 min. The resin was then drained
in a gravity column and washed with buffer A supplemented with 20 mM imidazole
and 0.02% C12E9 or 0.1% LDAQ. The protein was eluted with buffer Asupplemented
with 250 mM imidazole and 0.02% C12E9 or 0.1% LDAQ. The elution was concentrated
ina 50 K MWCO Amicon concentrator and loaded onto the Superdex 200 10/300
column equilibrated with buffer B (200 mM NaCl, 50 mM HEPES, pH7.4, 5% glyc-
erol,and 1 mMTCEP) supplemented with 0.02% C12E9 or 0.1% LDAO (S/ Appendix,
Fig. 52). The peak fractions were pooled and concentrated, and aliquots were frozen
and stored at =80 °C until use.
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3xFlag-MTCH2 and the SAM complex. First, 200 pg constructs encoding
3xFlag-MTCH2 or 1:1:1 mixture of SAM35, Strep-SAM37, and 3xFlag-SAM50
were transfected with Expitransfectamine (Gibco) to 200 mL Expi293 cells at a
density of 2.5 million cells/mL.Then, cells were enhanced after 18 h of transfection
and harvested after 48 h of transfection. The cell pellet was resuspended and
homogenized in buffer B supplemented with 2 mM MgCl, and 1x protease
inhibitor (Roche). The protein was extracted by incubating with 1% GDN (Anatrace)
on a rotator for 2 h at 4 °C. The cell suspension was centrifuged at 15,000 rpm
in a JA20 rotor for 30 min, and the supernatant was incubated with Flag resin
for2 hat4 °C.The resin was washed twice with 10 mLof buffer B supplemented
with 0.02% GDN and incubated overnight with buffer B supplemented with
1 mMATP and 2 mM MgCl, and 0.02% GDN. The resin was further washed two
times and eluted with buffer B supplemented with 0.02% GDN and 0.2 mg/mL
Flag peptide five times with 20 min of incubation in between each elution step.
The eluted protein was then loaded onto the Superdex 200 10/300 column that
was equilibrated with buffer B supplemented with 0.02% GDN (S/ Appendix,
Fig. S2). Peak fractions were pooled and concentrated, and aliquots were frozen
and stored at —80 °C until use.

His¢-GlpG. The construct was transformed into C43 E. coli cells. Protein expres-
sion was induced with 0.2 mM IPTG when 0D, reached 0.9, and the cells were
cultured at 22 °C for 18 h. Proteins were purified in buffer A as described for
Get1, except that n-Dodecyl-p-D-Maltopyranoside (DDM, Anatrace) was used
for protein extraction and throughout the purification process. The protein was
buffer-exchanged into buffer B supplemented with 0.1% LDAQ by loading it onto
the Superdex 200 10/300 column (S/ Appendix, Fig. S2).

VAMP2-His,. Protein expression was induced with 0.5 mM IPTG when 0D,
reached 0.8, and the cells were cultured at 37 °Cfor 4 h. After harvesting, the cells
were resuspended in buffer C(25 mM HEPES, pH 7.4, 400 mM KCl, 10% glycerol,
and 0.2 mMTCEP), supplemented with 1 mM PMSF and 4%Triton X-100.The cells
were lysed and ultracentrifuged at 35,000 rpm in a Ti45 rotor for 30 min. The
supernatant was collected and incubated with Ni-NTA resin for 2 h at 4 °C. The
resin was then washed with buffer C supplemented with 1% Triton X-100 and
50 mM imidazole, followed by buffer C with 1% n-octyl-p-D-glucopyranoside
(0G)and 50 mM imidazole. The protein was eluted with buffer C supplemented
with 500 mM Imidazole and 1%0G. The eluted protein was loaded onto the
Superdex 200 10/300 column equilibrated with buffer B with 0.1% LDAO
(51 Appendix, Fig. S2).

YidC-Hiss and BamA-Hisg. Proteins were expressed and purified as previously
described (91, 92) with modifications. Both constructs were transformed into C43
E. colicells. The overnight cultures were inoculated into LB medium for YidC or TB
medium for BamA, and cultured at 200 rpm, 37 °C, until 0D, reached approxi-
mately 0.7. Protein expression was induced at 37 °Cfor 2.5 h with 0.5 mM IPTG for
YidC, and for4 h with 1 mM PTG for BamA. Cells were harvested, resuspended in
buffer E(200 mM NaCl, 25 mM HEPES, pH 8.0, 10% glycerol, and 0.5 mM TCEP)
supplemented with protease inhibitor (Roche); for BamA, protease inhibitors
were included at approximately 2 final concentration and lysozyme was also
present. Cells were lysed using the Emulsiflex-C5 microfluidizer, the crude lysate
was centrifuged atlow speed for 30 min and the supernatant was further spun at
40,000 rpm for 90 min in a Ti45 rotor. The membrane pellet was homogenized
in buffer E supplemented with 1% n-Decyl-B-D-Maltopyranoside (DM, Anatrace)
forYidC or n-Dodecyl-N, N-Dimethylamine-N-Oxide (LDAQ, Anatrace) for BamA,
and incubated at 4 °C for 2 h with constant mixing. Additionally, for BamA, the
membranes were diluted to at least 25 mL per liter initial cell volume prior to
solubilization. The solubilized membranes were incubated with Ni-NTA resin at
4 °C for at least 30 min. The resins were then drained in a gravity column and
washed with buffer E supplemented with 20 to 30 mM imidazole and 0.2% DM
or 0.1% LDAQ respectively; in some cases, the detergent for BamA was exchanged
on the resin to 0.02% DDM and used for all later steps. The proteins were eluted
with buffer E supplemented with 300 to 330 mM imidazole and 0.2% DM or
0.1% LDAQ respectively. The elutions were concentrated in 30 K (YidC) or 100 K
(BamA) MWCO Amicon concentrators and loaded onto the Superdex 6 10/300
column equilibrated with buffer E supplemented with 0.2% DM or 0.1% LDAO
respectively (S/ Appendix, Fig. S2). The peak fractions were pooled and concen-
trated with new 100 K MWCO Amicon concentrators, and aliquots were frozen
and stored at —80 °C until use.

Oxa1-Hisg. Proteins were expressed and purified as previously described with
modifications (93). Both constructs were transformed to BL21(DE3) codon+ E. coli
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cells. An overnight culture was inoculated in TB medium, which was subsequently
cultured at 200 rpm, 37 °C until 0D, reached approximately 0.7.The cells were
placedina4°Ccold room forapproximately 30 min, and protein expression was
induced at 25 °C overnight with 0.5 mM IPTG. Cells were harvested, resuspended
in buffer F (500 mM NaCl, 25 mM HEPES, pH 7.0, 12% glycerol, and 0.5 mMTCEP)
supplemented with protease inhibitor (Roche, 1.66x final concentration) and
lysozyme. Cells were lysed using the Emulsiflex-C5 microfluidizer, the crude lysate
was centrifuged at low speed for 30 min and the supernatant was further spun
at 40,000 rpm for 90 min in a Ti45 rotor. The membrane pellet was diluted with
buffer F to 40 mL per liter initial cell volume, supplemented with 1% n-Dodecyl-
B-D-Maltopyranoside (DDM, Anatrace), and incubated at 4 °C for 2 h with constant
mixing. The solubilized membranes were incubated with Ni-NTA resin at 4 °C
for at least 30 min. The resin was then drained in a gravity column and washed
with buffer F supplemented with 30 mM imidazole and 0.1% DDM. The proteins
were eluted with buffer F supplemented with 540 mM imidazole and 0.1% DDM.
The elution was concentrated in a 30 K MWCO Amicon concentrator and loaded
onto the Superdex 200 10/300 column equilibrated with buffer F supplemented
with 0.1% DDM (S/ Appendix, Fig. S2). The peak fractions were pooled and con-
centrated with a new 100 K MWCO Amicon concentrator to approximately 40
uM, and aliquots were frozen and stored at —80 °C until use. Immediately prior
to reconstitution, the thawed 40 pM aliquots were diluted twofold with buffer
F, yielding final concentrations of 20 pM Oxa1 and 0.05% DDM, which were
further diluted 10-fold when added to the reconstitution mixture (along with
a matched buffer).

Liposome preparation. For YidC, BamA, and Oxa1, 90% POPC (w/w%), 9.5%
POPE, and 0.5% NBD-PE (or NBD-PG for BamA) were solubilized in chloroform
dried under a nitrogen stream, and further dried under vacuum for at least 1
h. For all other proteins, 88% POPC (w/w%), 9.5% POPE, 2% Soy P, and 0.5%
NBD-lipid (NBD-PE or NBD-PC) were solubilized in chloroform, dried under a
nitrogen stream, and further dried under vacuum overnight. The resulting lipid
films were rehydrated in buffer D (200 mM NaCl, 25 mM HEPES, pH 7.5 to 8,
and 1 mMTCEP) to generate a 10.5 mM lipid stock. The mixture was incubated
at 37 °C for 60 min with intermittent vortexing every 20 min. The sample was
subjected to seven freeze-thaw cycles and extruded 31 times against a 200 nm
polycarbonate filter in the Avanti Mini-Extruder.

Proteoliposome preparation. As described previously (27), for a standard 250
plreaction, 125 plLof the extruded liposomes were mixed with the reconstitution
buffer (200 mM NaCl, 25 mM HEPES, pH 7.5,and T mMTCEP) and Triton X-100 to
afinal volume of 225 pL.The concentration of Triton X-100 was determined by the
swelling assay, typically ranging around 3.4 to 4.5 mM. After 1 to 2 h of destabili-
zation, 25 pLof purified proteins at normalized concentrations were added to the
mixture and incubated on a rotator for additional 1to 2 h at room temperature.
To remove detergents, prewashed Bio-Beads were added stepwise: The sample
was mixed with an aliquot of Bio-Beads (22 to 28 mg) at room temperature for
1 h, followed by replacement with a new aliquot (22 to 28 mg) and mixing for 2
h. Finally, the sample was transferred to a new tube containing fresh Bio-Beads
(44 t0 56 mg) and rotated at 4 °Cfor 16 to 21 h. One hundred fifty microliter of
the recovered sample was mixed with 150 pL of 60% Optiprep and layered with
200 pLof 10% Optiprep and 150 pL of the reconstitution bufferina 0.8 mLtube
(Beckman Coulter Cat. #344090). The tube was centrifuged at 40,000 rpm for 90
min in a SW-55 rotor. The floated liposomes were recovered with a final volume
of 150 pL and used immediately. For YidC, Oxa1, and BamA, proteoliposomes
were selectively harvested from the region directly below the 10 to 0% Optiprep
interface, which was found to be protein-rich.

TEM characterization of liposomes or proteoliposomes. Negative stain analysis
was performed using 400 mesh carbon-coated copper grids (Electron Microscopy
Sciences). Grids were glow discharged for 35 s at 25 mA using an easiGlow glow
discharger (PELCO). The grid was floated in 40 L of 0.25 mM liposomes for 1 min,
rinsed twice in 40 L of buffer, followed by floating in 40 pL of 1% uranyl acetate
solution for 30 s before blotting to complete dryness. Negative stain images were
collected using the FEI Tecnai T12 transmission electron microscope operating
at 120 kV. Images were collected at a nominal magnification of 15,000, corre-
sponding to 7.48 A/pixel at the specimen level.

BSA back extraction assay. The scramblase assay was carried out in 96-well
plates at 30 °C. In a triplicate setup, 5 pL of either protein-free liposomes or pro-
teoliposomes were added to 95 pL of the reconstitution buffer. NBD fluorescence
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was measured using the Synergy H1 Hybrid Multi-Mode Reader (BioTek) with
excitation/emission wavelengths set to 460/538 nm. To establish the 100%
fluorescence baseline, the measurements were taken for 10 min until a steady
fluorescence signal was achieved. Subsequently, 5 ul of 60 mg/mL fatty acid-
free BSA was added to each well, mixed thoroughly, and the fluorescence was
measured for 10 min. Finally, 0.5% Triton X-100 and 5 mM sodium dithionite
were added to each well to ensure that the background signal was small enough
(~3%) so that it did not affect the fluorescence readings. For data processing, each
fluorescence reading was divided by the corresponding fluorescence baseline
value in each sample.

For some samples, scrambling measurements were also collected with the
FluoroMax Plus Spectrofluorometer (HORIBA Scientific). For each sample, 50 pL
of the proteoliposomes were added to 1,950 L of the reconstitution buffer (200
mM NaCl, 25 mM HEPES, pH 7.5, and T mM TCEP). The sample was vigorously
stirred and measured for fluorescence at 460/538 nm for 50 to 70 s to establish
a stable baseline. Then, 50 pL of 60 mg/mL fatty acid-free BSA was added, and
the fluorescence data were collected for another 200 to 300 s.

Molecular Simulations.

3D structural modeling. All proteins simulated in this work were obtained from
either the Protein Data Bank (https://www.rcsh.org/) or AlphaFold (64) predicted
models available from UniProt (https://www.uniprot.org/). For systems containing
more than one chain and for which no structure was available, prediction was
performed using AlphaFold-Multimer (94) which is implemented in ColabFold
(65); for these cases, a total of 24 recycles were used. The various complexes
investigated in the text are described below:

Mitochondrial complexes. The monomer of the TOM complex consists of five
chains (Tom5-Tomé-Tom7-Tom22-Tom40); thus, its dimer (10 chains) consists
of two copies of each subunit from the monomer.

The SAM complex consists of three chains (Sam50, Sam35 and Sam37, the
last two being nontransmembrane proteins).

The yeast TIM22 complex consists of four transmembrane subunits (Tim18,
Tim22,Tim54, and Sdh3) and six helical proteins that form a structure like a ring
in the intermembrane space (IMS); this structure serves as chaperone to conduct
the substrate from the TOM complex to TIM22 complex (47). Similar is the case
of the humanTIM22 complex, where 14 chains form a double ring-like structure
in the IMS and only Tim22 is the transmembrane part.

The yeast TIM23 complex is formed by three chains, two transmembranes
(Tim17 and Tim23) and one exposed to the mitochondrial matrix (Tim44). One
additional component, Mgr2, was suggested to be a part of ScTIM23 and to act
as a seal/cap forTim17 (48).

The human TIM23 complex is composed of three chains (Tim17-Tim23 and
Tim50) as its yeast homolog.

ER complexes. The EMC is composed of eight chains (Emc1-7 and Emc10), of
which five chains are transmembrane (Emc1, Emc3, Emc4, Emc5, and Emcb).

The GET complex is composed of two copies of Get1 and two copies of Get2,
forming a heterotetramer.

The TRC, the human homolog of the ScGET complex, is composed of the WRB,
CAML, and TRC40 subunits, the human counterparts of yeast Get1, Get2, and
Get3, respectively.

The GELis composed of TMCOT (member of the oxa1 family) and C200rf24.

The PAT complex consists of two subunits, Asterix and CCDC47.

The ERAD complex consists of four chains, Hrd1, Usa1, Der1, and Hrd3, with
Hrd1 and Der1 being the major transmembrane components.

The SEC61 complex is composed of its o, B, and y units.

The TRAP complex is composed of its o, B, v, and 8 units.

The OSTA complex is composed of RPN, RPN2, 0ST4, 0ST48, DAD1, STT33,
TMEM258, and OSTC.

The translocon complex is composed of the SEC61, TRAP, and OSTA complexes,

and its structure was assembled according to ref. 52.
Set-up of peptide-bound OXA1 and MTCH2 simulations. The initial configuration
for the MTCH2-peptide structure was based on the work by Guna et al. (24). The
dimeric structure between HsMTCH2 (Uniprot ID: Q9Y6C9) and the transmem-
brane part (25-residue fragment from Ile118 to Leu145) of one of its substrates
tested in vitro, the HSOMP25 (Uniprot ID: P57105), was built using AF multimer
and ColabFold (65, 94).
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Similarly, we predicted the dimer structure using AF multimer of the
HsOXA1L-peptide structure based on the work of ref. 57. This dimeric struc-
ture consisted of HSOXA1L(Uniprot ID: Q15070) and a 32-residue polyalanine
peptide. Itis worth mentioning that in both cases, the best prediction based on
AF corresponded to the peptide located into the well-characterized insertion
cavity of each protein.

All'systems were subjected to a minimization step in vacuum for a maximum of
50,000 steps or until the maximum force on any atom was less than 100 kJ mol ™'
nm™". Forthis purpose, the steepest descent algorithm and the AMBER99SB-ILDN
force field were used (95).

CG-MD simulations. The minimized structures of each system were embedded in
aDOPC membrane using the CHARMM-GUI web server (96). Subsequently, CG-
MD simulations were carried out using the GROMACS software, version 2019.6
(97), and the Martini 3 force field (98). Elastic network was used to preserve the
3D structure of the proteins and the multimers, using a force constant of 500 kJ
mol~" nm™2.Two replicates of each system were carried out using differentinitial
velocities for 10 ps, using a time step of 20 fs. The temperature was maintained
at 310 K using the V-rescale thermostat (99) and the pressure at 1 bar using
the Parrinello-Rahman barostat (100). Additional information for all simulated
systems is shown in S/ Appendix, Table S1.

Calculation of scramblase activity from CG-MD. Our approach is based,
briefly, on measuring the tilting of each lipid throughout the simulation. To
do this, we first formed two vectors, which were obtained between the last
bead of each acyl tail (C4A and C4B) and the bead of the phosphate (PO4).
Then, the angle between each of these two vectors with respect to the z-axis
was measured. The value for the final angle per each lipid is the average of
the two angles obtained for each tail. For denoising purposes, the time traces
for each final angle were smoothened by averaging over a 50-ns window and
data points were collected each 25 ns. Thus, following our approach, lipids
located in the upper leaflet will have angles around ~30°, while lipids located
in the bottom leaflet will have angles around ~150° (Fig. 24). We define a
buffer region between 55° and 125°, in order to reduce the noise generated
by lipid movement (or very slow movement) and thus not overestimate the
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events obtained. A scrambling event was counted when a lipid in the upper
leaflet moved to an angle greater than 125°, and when a lipid in the bottom
leaflet moved to an angle lower than 55°. These angles were calculated using
the gmx_gangle tool and were measured every 1 ns. For all analyses, the first
2 ps were omitted, and the events were accumulated per microsecond, thus
resulting in 16 data points per simulated system (8 data per replica, thus each
data represents the number of events in 1 ps). These 16 data points were used
to build the corresponding boxplots using GNUPLOT.

Calculation of the local thickness of the membrane. \We extracted the local
thickness of the membrane from the curves of the 2D density diagrams for the
hydrophobic body of the membrane, i.e., excluding both the head group and
the phosphate group. These 2D densities were calculated with the gmx_density
tool along the z-axis, and were calculated every 5 ns, omitting the first 2 ps of
each trajectory. The densities were calculated considering the lipids that were at
a distance of 1.0 nm from the protein (Fig. 3B).

Data, Materials, and Software Availability. MD simulations data have been
deposited in Zenodo (https://doi.org/10.5281/zenodo.10475371)(101). All other
data are included in the manuscript and/or S/ Appendix.
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