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Significance

 The outer membrane asymmetry 
of gram-negative bacteria is 
actively maintained by the Mla 
system. Here, we use native mass 
spectrometry to study the 
loading of phospholipids onto 
the lipid transporter MlaC, via the 
outer membrane protein 
complex OmpF3 –MlaA. We 
demonstrate that OmpF3 –MlaA 
significantly increases lipid 
loading by recruiting 
phospholipids and apo  MlaC.  
We capture the ternary OmpF3 –
MlaA–MlaC lipid shuttle and show 
that phosphatidylglycerol (PG) 
binding induces dissociation of 
this transient protein complex. 
Unexpectedly, we find a three-
fold enrichment of PGs on MlaC 
endogenously expressed in 
﻿Escherichia coli , consistent with 
an enhanced flux of PGs through 
the OmpF3 –MlaA–MlaC lipid 
shuttle. More generally, our study 
elucidates molecular details of a 
pivotal process in gram-negative 
bacteria that ensures membrane 
integrity and protection against 
antibiotics.
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The maintenance of lipid asymmetry (Mla) system in gram-negative bacteria transfers 
phospholipids between the outer and inner membrane to maintain the outer membrane 
asymmetry. Misplaced phospholipids are extracted from the outer leaflet of the outer 
membrane by MlaA, transferred to the periplasmic lipid transporter MlaC, and shuttled 
to the inner membrane. We set out to investigate the lipid transfer between MlaA and 
MlaC using native mass spectrometry, with the aim of determining the lipid preferences 
of MlaC and whether MlaA preselected lipids for MlaC. First, we characterized the 
lipids that copurified with overexpressed MlaC, phosphatidylglycerol (PG), and phos-
phatidylethanolamine (PE), and following delipidation noted a headgroup-independent 
enrichment of cyclopropane lipids. Under native expression conditions, we found that 
PG is three-fold enriched on MlaC compared to its abundance in the membrane. Next, 
we isolated and characterized OmpF3–MlaA complexes and demonstrated their ability to 
enhance loading of delipidated MlaC with bacterial and nonbacterial phospholipids. We 
then captured the intact ternary lipid shuttle (OmpF3–MlaA–MlaC) and demonstrated 
that PG dissociates this transient complex, releasing lipid-bound MlaC. Together our 
results point to a high population of endogenous PG on periplasmic MlaC, which likely 
arises from disassembly of the lipid shuttle to maintain lipid asymmetry for cell viability.

maintenance of lipid asymmetry system | lipid transporters | membrane proteins |  
phospholipids | native mass spectrometry

 The cell envelope of gram-negative bacteria has a unique and complex architecture ( 1 ). It 
is composed of two distinct membranes separated by an aqueous periplasmic space that 
is spanned by a thin peptidoglycan layer. The outer membrane is the first line of defense 
against the intrusion of noxious substances. Its outer leaflet consists almost entirely of 
dense, negatively charged lipopolysaccharides (LPS), which form an effective permeability 
barrier. The inner leaflet of the outer membrane is mainly composed of phospholipids, 
including 80% phosphatidylethanolamine (PE), 15% phosphatidylglycerol (PG), and 
5% cardiolipin (CDL) ( 2 ). In contrast, the inner membrane contains phospholipids in 
both leaflets with a slightly lower PE/PG ratio (70/25%) than the outer membrane.

 The integrity of the asymmetric outer membrane is crucial for the survival of 
gram-negative bacteria. If phospholipids are enriched in the outer leaflet, they can form 
permeable patches that make bacteria more susceptible to harmful toxins including anti-
biotics ( 3 ). Therefore, gram-negative bacteria have evolved a protein machinery that 
removes misplaced phospholipids from the outer leaflet of the outer membrane: the 
maintenance of lipid asymmetry (Mla) system ( 4 ). The Mla system extracts phospholipids 
from the LPS leaflet, transports them through the periplasm in a retrograde fashion ( 5 ), 
and integrates them back into the inner cell membrane ( Fig. 1 ) ( 6 ,  7 ).        

 The Mla system comprises proteins in the outer membrane, periplasm, and inner 
membrane. The outer membrane component is MlaA, a monomeric alpha-helical lipo-
protein that associates with the outer membrane porins OmpC and OmpF ( 8 ). Both 
homotrimeric porins form virtually identical complexes with MlaA ( 9 ), which is thought 
to bind at their subunit interfaces ( 10 ). MlaA protrudes into the outer leaflet of the outer 
membrane and contains a central channel, enabling the protein to extract phospholipids 
from the outer leaflet while preventing access of phospholipids from the inner leaflet into 
the channel ( 9 ,  10 ). Phospholipid binding to MlaA has not been observed previously ( 1 ). 
As a diffusion channel, MlaA should only transiently be associated with lipids and effec-
tively transfer them to the phospholipid transporter MlaC ( 6 ).

 MlaC is the periplasmic component of the Mla system that shuttles phospholipids from 
the outer to the inner membrane. In line with its role as a phospholipid transporter, MlaC 
exhibits high affinity for phospholipids and is known to copurify with PE and PG ( 11   – 13 ). 
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﻿Escherichia coli  (E. coli ) MlaC has also been previously reported to 
copurify with CDL based on thin layer chromatography (TLC);( 12 ) 
however, its binding pocket is small compared to MlaC homologs 
that can accommodate four acyl chains ( 14 ,  15 ). Moreover all crystal 
structures of E. coli  MlaC only contain diacylglycerol phospholipids, 
making CDL binding less likely ( 14 ). In crystal structures of 
phospholipid-bound MlaC, the acyl chains are buried in the bind-
ing pocket, while the phospholipid headgroup is solvent-exposed 
and makes only minor contact with the protein ( 14 ).

 How then is MlaC loaded with phospholipids? Molecular 
dynamics (MD) simulations suggest that apo  MlaC does not readily 
sample the open conformation, and spontaneous loading of apo  
MlaC by passive diffusion of phospholipids is negligible ( 12 ). 
Moreover, it was shown by cross-linking experiments, mutagenesis, 
and in silico modeling that for loading and unloading of phospho-
lipids, both MlaA and the MlaD subunit of MlaFEDB interact with 
MlaC close to its phospholipid binding pocket ( 11 ,  16 ).

 The ABC transporter MlaFEDB is the inner membrane com-
ponent of the Mla system which drives phospholipid transfer from 
MlaC to the inner membrane ( 17 ). MlaC relays its phospholipid 
cargo to the MlaD subunit of the MlaFEDB complex in an 
ATP-dependent manner ( 5 ,  18 ). ATP is required to drive retro-
grade lipid transfer because MlaC has a higher phospholipid affin-
ity than MlaD ( 11 ,  12 ).

 The mechanism of active phospholipid transfer between MlaC 
and the MlaFEDB complex has been studied extensively ( 5 ,  11 ,  12 , 
 18   – 20 ). However, little is known about the transfer of phospholip-
ids, or any preferences thereof, from MlaA to MlaC at the outer 
membrane, a process which is thought to be affinity-driven ( 21 ). 
Recent studies describe the structure of a disulfide-trapped OmpC3 –
MlaA–MlaC complex( 22 ) and observe macroscopic lipid flow from 
MlaA to MlaFEDB via MlaC in a proteoliposome transport assay 
( 5 ). However, these studies did not investigate explicitly the lipid 
transfer or lipid preferences between MlaA and MlaC. Therefore, 
the lipid specificity and the role of MlaA in the loading efficiency 
and selection in this lipid transfer remains unknown.

 In this study, we follow the MlaA-mediated transfer of phos-
pholipids to E. coli  MlaC using native mass spectrometry (MS). 
We demonstrate that OmpF3 –MlaA simultaneously recruits apo  
MlaC and phospholipids, thus greatly enhancing lipid transfer to 

MlaC in solution. We capture the ternary OmpF3 –MlaA–MlaC 
complex in a lipid-free environment and show that it dissociates 
in the presence of lipids. We further show that MlaA transfers 
different diacylglycerol phospholipids but that CDL does not bind 
to MlaC under these conditions. Despite similar loading efficien-
cies for the E. coli  phospholipids PE and PG in vitro, we note a 
significant enrichment of PG over PE in overexpressed and endog-
enously expressed MlaC and discuss possible implications of this 
observation. 

Results

E. coli MlaC Copurifies with the Major Endogenous PE and PG 
Lipids. To investigate the lipid transporter MlaC and characterize 
its endogenous phospholipids, we coexpressed MlaC and MlaA in 
E. coli and analyzed purified MlaC using native MS. In positive 
mode, we observed both apo and lipid-bound MlaC monomers in 
three major charge states (8 to 10+), and a small fraction of dimers 
(12 to 14+) (Fig. 2A). SDS-PAGE and native MS confirmed that 
the MlaC signal peptide was completely cleaved, which suggests 
its exclusive localization within the periplasm (SI  Appendix, 
Fig. S1). More than 95% of purified MlaC was observed bound 
to phospholipids; the peak pattern was complex, indicating 
promiscuous binding to a variety of distinct lipid species. To 
identify the bound phospholipids, we isolated lipid-bound MlaC 
(9+) in the mass spectrometer and subjected these selected ions to 
collision-induced dissociation (CID). At low collision energies, 
product ions were released from MlaC with masses consistent with 
protonated PE, sodiated PE, and sodiated PG (Fig. 2B). CDLs 
were not detected.

 To identify the PE and PG lipids that copurify with MlaC, we 
reisolated and subsequently activated each released lipid using 
higher-energy collisional dissociation (HCD) in both positive 
and negative modes. The resulting fragmentation spectra (MS3 ) 
in positive ion mode revealed the lipid class (headgroup), whereas 
the fatty acids were observed as carboxylate anions in negative 
ion mode. The relative intensities of the carboxylate ions were 
used to assign the sn﻿-positions of the fatty acids in the predomi-
nant isomer ( 23 ). We observed a significant amount of cyclopro-
pane (cy) lipids, which are known to increase in the stationary 
growth phase and under stress conditions, such as protein over-
expression (SI Appendix, Fig. S2 ) ( 2 ). Our analysis revealed that 
the major lipids bound to MlaC were PG and PE with 32:1, 33:1, 
34:2, 34:1, 35:2, and 36:2 acyl chains containing mainly 16:1, 
16:0, 17:1(cy), 18:1, and 19:1(cy) fatty acids ( Table 1 ). These 
assignments correspond to the most abundant lipids previously 
identified in an E. coli  lipid extract ( 24 ). We also confirmed that 
the composition of lipids that copurify with MlaC remained con-
stant across three replicate protein expressions (SI Appendix, 
Fig. S2 ). Overall, multistage native MS allowed us to reproducibly 
identify all major PE and PG lipids that copurify with MlaC, 
revealing molecular details and information on their relative 
abundances.   

Successive Delipidation of MlaC Retains Phospholipids with 
Specific Acyl Chains. To obtain apo MlaC for subsequent loading 
experiments and investigate lipid preferences, we removed the 
endogenous lipids copurifying with MlaC. Briefly, we treated 
MlaC with the delipidating detergent octyl-β-glucoside (OG; 
2%) for 1 to 24 h (SI  Appendix, Fig.  S3). After 24 h, we 
achieved almost complete delipidation (Fig. 2C). Throughout 
the delipidation experiment, the PE/PG ratio gradually increased 
from 35 ± 1 to 54 ± 1% (based on intensities in the MS2 spectra), 
suggesting stronger retention of PE lipids. Furthermore, close 

Fig. 1.   Schematic overview of the Mla system. Misplaced phospholipids 
(yellow) are extracted from the outer leaflet of the outer membrane by MlaA, 
which is associated with OmpC3 or OmpF3. The lipids are transferred to MlaC 
in the periplasm and delivered to MlaFEDB in the inner membrane. The typical 
distribution of phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and 
cardiolipin (CDL) in the inner and outer membranes of Escherichia coli is shown; 
LPS = lipopolysaccharide. The peptidoglycan layer is omitted for visibility.
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examination of the lipids that remained bound to MlaC after 
delipidation revealed clear differences in the acyl chain profile 
(Fig.  2D). In particular, 34:2 and 35:2 lipids were retained 
to a great extent, while 34:1 lipids were largely depleted after 

delipidation. This trend was consistent for both PE and PG, 
in agreement with the fact that most of the protein–lipid 
contacts are established by the acyl chains rather than the lipid 
headgroup (14).

Fig. 2.   Characterization of phospholipids copurifying with MlaC. (A) Native mass spectrometry demonstrates that the majority of purified MlaC is phospholipid-
bound. (B) Phospholipids were released from MlaC and identified by tandem mass spectrometry (MS2). They comprise PE and PGs. (C) Endogenous phospholipids 
were removed by octyl-β-glucoside (OG), resulting in almost complete delipidation. (D) Comparison between phospholipids bound to MlaC, before and after 
delipidation, shows headgroup-independent enrichment of cyclopropane lipids (34:2 and 35:2). PE and PG are plotted individually, and error bars represent the 
SD between triplicate delipidation experiments.

Table 1.   Assignment of the most abundant phospholipids detected in the positive mode MS2 spectrum of lipid-
bound MlaC (cf. Fig. 2B). Minor acyl chains make up ≤20% of the respective lipid
Lipid m/z Major acyl chains Minor acyl chains

 PE 32:1 M+H+

M+Na+
690.5
712.5

16:0/16:1 14:0/18:1
15:0/17:1(cy)

 PE 33:1 M+H+

M+Na+
704.5
726.5

16:0/17:1(cy) 15:0/18:1

 PE 34:2 M+H+

M+Na+
716.5
738.5

18:1/16:1 17:1/17:1(cy)

 PE 34:1 M+H+

M+Na+
718.5
740.5

16:0/18:1

 PE 35:2 M+H+

M+Na+
730.5
752.5

18:1/17:1(cy) 16:1_19:1(cy)

 PE 36:2 M+H+

M+Na+
744.6
766.5

18:1/18:1 17:1(cy)_19:1(cy)

 PG 32:1 M+Na+ 743.5 16:0/16:1 14:0/18:1
15:0/17:1(cy)

 PG 33:1 M+Na+ 757.5 16:0/17:1(cy) 15:0/18:1

 PG 34:2 M+Na+ 769.5 18:1/16:1 17:1/17:1(cy)

 PG 34:1 M+Na+ 771.5 16:0/18:1

 PG 35:2 M+Na+ 783.5 18:1/17:1(cy) 16:1_19:1(cy)

 PG 35:1 M+Na+ 785.5 16:0/19:1(cy)

 PG 36:2 M+Na+ 797.5 18:1/18:1 17:1_19:1(cy)

 PG 37:2 M+Na+ 811.6 18:1/19:1(cy)
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 We then searched for structural features in the acyl chains that 
could explain differences in the retention of phospholipids upon 
delipidation. We noted that the lipids which are most retained after 
treatment with OG (PE/PG 34:2 and 35:2) combine two structural 
features: They contain cyclopropane fatty acids and no saturated 
chains. The presence of a saturated lipid chain leads to increased 
removal of the corresponding lipids (32:1, 33:1, 34:1) compared 
to those with two unsaturated or cyclopropane chains (SI Appendix, 
Fig. S3 ). The most drastic decrease is observed for 34:1 lipids 
(mainly 16:0/18:1), which could imply high solubility of the lipid 
in OG or a lower stability of the corresponding protein–lipid com-
plexes. Cyclopropane chains were more tightly retained than unsatu-
rated chains. Accordingly, 36:2 lipids (primarily 18:1/18:1) are not 
as strongly retained as cyclopropane-containing 34:2 and 35:2 
lipids. Furthermore, if mixtures of isomers are present, delipidation 
increases the ratio of cyclopropane-containing isomers over unsatu-
rated isomers, as can be seen for 34:2 and 36:2 phospholipids 
(SI Appendix, Fig. S3 ). Overall, our data unanimously point to 
enhanced retention of unsaturated and cyclopropane-containing 
phospholipids in MlaC upon detergent treatment.  

MlaC Is Enriched in PG which Is a Minor Component of the Outer 
Cell Membrane. Before delipidation, we observed that MlaC 
copurified with a surprisingly high quantity of PG, especially given 

the low levels of these lipids in the outer membrane. We therefore 
developed an approach to quantify the relative amounts of PE and 
PG lipids bound to the purified protein. First, we tested whether 
we could reproduce the lipid profile of overexpressed MlaC in vitro 
by incubating the delipidated MlaC sample with a complete E. coli 
lipid extract. We obtained a total lipid extract from E. coli using 
the Bligh and Dyer method (25). Quantification of the PE and 
PG lipids in the extract by liquid chromatography (LC)-MS/MS 
yielded a total PE/PG ratio of roughly 77:23 (Fig. 3B). This result 
agrees with the typical whole-cell phospholipid content of E. coli 
(75% PE, 20% PG, 5% CDL) (1). The lipid extract was then 
incubated with delipidated MlaC in detergent solution (2xCMC 
C8E4 in 200 mM ammonium acetate) using a 150-fold excess 
of lipid, before removing unbound lipids by buffer exchange into 
ammonium acetate (Fig. 3 A and C). We found that the lipid 
profile differed greatly from that of overexpressed MlaC (Fig. 3D). 
The latter was shifted toward higher masses, suggesting a higher 
ratio of PG lipids. This was also evident through a comparison 
of the MS2 spectra, where overexpressed MlaC exhibited a much 
higher abundance of PG lipids than MlaC loaded with the lipid 
extract in vitro, suggesting the enrichment of PG binding in cells.

 We then developed an approach to accurately quantify the ratio 
of PE/PG bound to MlaC from MS1  spectra ( 26 ). This is necessary 
because the peak intensities in the MS2  spectra are not suitable 

Fig. 3.   Enrichment of PG on MlaC extracted from E. coli. (A) Mass spectrum of delipidated MlaC before incubation with lipids. (B) LC-MS(−) analysis of total lipid 
extract from MlaC-expressing E. coli. Asterisks indicate phospholipid standards in the chromatogram [PC 15:0_18:1(d7) and PG 15:0_18:1(d7)]. (C) Mass spectrum 
of delipidated MlaC incubated with E. coli lipids in vitro. The resulting lipid binding pattern is centered around a lower mass than the lipids copurifying with 
overexpressed MlaC (D). The lipid-bound states in the deconvoluted mass spectra were fitted with gaussians for relative PE/PG quantification. The observed 
mass shift arises from a substantial enrichment of heavier PG over PE in MlaC extracted from cells, also reflected in the corresponding MS2 spectra. (E) Lipids 
copurifying with endogenously tagged MlaC show two distributions shifted by 100 Da, which corresponds to a covalent modification on the Strep tag (indicated 
by asterisks). The lipid binding pattern is clearly enriched in short-chain PG.
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for quantification due to the different response factors of the lipids 
released. Briefly, we modeled the MS1  spectra as a sum of the 
individual MlaC–phospholipid complexes, using the MS2  spectra 
to inform the model ( Fig. 3 C  and D  ). The quantitative data 
revealed that the lipids released from MlaC after incubation with 
the E. coli  lipid extract were strongly correlated with the compo-
sition of the lipid extract (SI Appendix, Fig. S4 ); the total PE/PG 
ratio remained unchanged after loading onto MlaC. Hence, we 
conclude that there is no preferential loading of either of the two 
lipid classes in solution. In contrast, for overexpressed MlaC 
extracted from E. coli , the PE/PG ratio was close to 1:1 
(SI Appendix, Fig. S5 ). Such enrichment of PG is intriguing since 
PG only accounts for 15% of the phospholipids in the outer 
membrane. However, the biological significance of this enrich-
ment remains unclear. A PE:PG ratio of ca. 1:1 has previously 
been reported not only for MlaC overexpressed in the periplasm 
( 11 ) but also for MlaC overexpressed in the cytosol ( 18 ). In these 
experiments, PG cannot be loaded and unloaded via the Mla 
system. Furthermore, during high pressure lysis inner and outer 
membranes could come into contact with MlaC, facilitating lipid 
exchange and making it challenging to identify the true mecha-
nistic basis for the observed PG enrichment using this approach.

 To investigate the relevance of PG enrichment in a cellular 
context, we endeavored to purify MlaC at endogenous levels to 
eliminate overexpression effects. Moreover, to avoid membrane 
mixing during protein purification, we employed hypotonic lysis 
to gently lyse the outer membrane and release the periplasmic 
content while leaving the inner membrane intact ( 27 ). We 
designed an MlaC construct carrying an N-terminal Twin-Strep 
tag following the signal sequence, which we inserted into the  
﻿E. coli  strain BW25113 using lambda Red recombination ( 28 ) 
and P1 phage transduction ( 29 ). After confirming that the con-
struct was functional (SI Appendix, Fig. S6 ), we expressed the 
protein in biological triplicate by growing the cells in antibiotic-free 
media to an OD600  of 0.7 to 0.8. For hypotonic lysis, we used a 
Tris/EDTA/sucrose buffer ( 30 ).

 Native MS analysis of the resulting protein revealed a margin-
ally higher enrichment of PG over PE (ca. 60%) than observed 
for overexpressed MlaC lysed under high pressure ( Fig. 3E  ). The 
phospholipids that copurified with endogenously tagged MlaC 
were consistent across replicate expressions (SI Appendix, Fig. S7 ). 
The lipid binding pattern consisted of two identical distributions 
shifted by 100 Da. This binding pattern is due to a covalent mod-
ification on MlaC confirmed using native top–down MS as suc-
cinylation or methylmalonylation of the N-terminal Twin-Strep 
tag ( 6 ). Overall, the endogenously expressed protein tended to 
have shorter lipid chains and less cyclopropane modifications than 
those that copurified with overexpressed MlaC. This change in 
properties likely arises from the shorter expression time and lower 
cell density. We surmise that after expression at endogenous levels 
and gentle lysis of the outer membrane, lipids copurifying with 
MlaC are enriched in PG under native conditions.  

MlaA Recruits Lipids to OmpF3–MlaA Complexes. Given this 
preference for PG, we needed to determine whether the Mla 
loading system favors PG transfer over PE transfer. We therefore 
conducted lipid transfer experiments from MlaA onto delipidated 
MlaC, using MlaA overexpressed in E. coli. The native mass 
spectrum of purified MlaA revealed the presence of three protein 
complexes which, based on intact mass, we putatively assigned 
as OmpF3, OmpF3–MlaA, and OmpF3–MlaA2 (Fig.  4A). No 
free MlaA was observed. This is in accordance with previous 
observations that MlaA copurifies with outer membrane porins 
(OmpC or OmpF) (8). In our case, we observed MlaA solely in 

complex with OmpF (SI Appendix, Fig. S8), which is likely due 
to the lack of OmpC expression in E. coli BL21(DE3) strains 
(10). We also observed that the mass of MlaA is shifted by ca. 
815 Da relative to its amino acid sequence. This additional mass 
confirms complete lipoprotein maturation, including cleavage 
of the signal peptide and attachment of three lipid chains (31). 
Specifically, we assigned the observed mass shift to the attachment 
of a 34:1 diacylglycerol and palmitic acid to the thiol and amino 
groups of the N-terminal cysteine, respectively (theoretical mass: 
814.7 Da) (SI Appendix, Table S1). In addition, two minor peaks 
in the mass spectrum of MlaA indicate alternative lipoprotein 
maturation by N-palmitoylation and the attachment of two 
shorter diacylglycerols to the thiol, 33:1 and 32:1, respectively 
(SI Appendix, Fig. S9).

 To further confirm our assignment of the OmpF3 –MlaA com-
plex, we attempted to sequence the individual subunits using 
native top–down mass spectrometry. First, we selected peaks 
assigned to the OmpF trimer and directly fragmented the complex 
using HCD. Upon collisional activation, we observed sequence 
ions corresponding with fragmentation of the OmpF3  backbone 
on surfaces close to the intersubunit interfaces. Next, we frag-
mented the OmpF3 –MlaA complex and noted that fragmentation 
close to the OmpF interfaces is abolished when MlaA is associated 
with the trimeric complex ( Fig. 4B  ). Rather, OmpF3  in complex 
with MlaA promotes fragmentation at the inward-facing surfaces 
of the trimer. We assume that the distribution of mobile protons 
that drive fragmentation is perturbed in the asymmetric OmpF3 –
MlaA complex, whereby MlaA might be expected to reduce the 
charge density in its close vicinity. This top–down experiment 
confirms the identity of our complex and is consistent with crystal 
structures of OmpF3 –MlaA orthologs from Klebsiella pneumoniae  
and Serratia marcescens  ( 9 ), structure prediction by AlphaFold 3, 
as well as crosslinking experiments ( 10 ).

 MlaA was not observed to copurify with lipids and has thus far 
not been observed to bind phospholipids ( 1 ). To study lipid bind-
ing to OmpF3 –MlaA, we incubated the protein complex with 
synthetic phospholipids and quantified lipid-bound states by 
native MS. Incubation of OmpF3 –MlaA with DOPG [PG 
18:1(9Z )/18:1(9Z )] led to extensive lipid binding in positive ion 
mode ( Fig. 4C  ). This binding is transient, however, as exchange 
into lipid-free buffer removed bound phospholipids readily 
(SI Appendix, Fig. S10 ). Closer inspection of the mass spectrum 
showed that phospholipid binding increases linearly with the 
number of MlaA molecules bound to OmpF. Thus, we concluded 
that MlaA recruits phospholipids to the outer membrane pro-
tein complex.

 Beyond recruiting lipids, MlaA could also select for specific 
lipids that are transferred to MlaC. To test whether MlaA shows 
preferences for certain phospholipids, we incubated OmpF3 –
MlaA with phospholipids with varying headgroups and lipid 
chains ( Fig. 4D  ) The degree of binding was significantly influ-
enced by the lipid headgroup, ion polarity, and other MS condi-
tions ( 32 ). We found that PE and PG bind with similar abundance 
in the positive mode. Binding of phosphatidylcholine (PC), a 
major phospholipid in eukaryotes which is not present in E. coli  
membranes, is comparatively low. The trend is reversed in the 
negative ion mode: DOPC binds with high affinity to OmpF3  
and OmpF3 –MlaA, whereas PG binding is only observed in the 
presence of MlaA under these conditions. The observation that 
MlaA enhances binding of DOPC to the OmpF complex, in 
both ion polarities, contradicts theoretical simulations which 
suggested that MlaA does not interact with PCs ( 9 ). DOPE binds 
with intermediate affinity, and its binding is strongly increased 
by MlaA. Overall, the binding affinities of phospholipids to 

http://www.pnas.org/lookup/doi/10.1073/pnas.2420041122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2420041122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2420041122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2420041122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2420041122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2420041122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2420041122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2420041122#supplementary-materials
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OmpF3  and OmpF3 –MlaA depend on the ion polarity and charge 
of the lipid headgroup with no lipid chain-specificity: Varying 
the degree of saturation (DSPG) or length (POPG) of the lipid 
chains does not influence their binding affinity to MlaA. We 
conclude that MlaA binds to all phospholipids investigated, sup-
porting the hypothesis that MlaA does not preselect specific lipids 
for loading onto MlaC.  

MlaA-Mediated Phospholipid Loading of MlaC Shows Prefer­
ences. Next, we set out to investigate MlaA-mediated phospholipid 
loading of MlaC and identify any phospholipid preferences of 
MlaC in  vitro. Accordingly, we incubated delipidated MlaC 
with different phospholipids at 5-fold molar excess in detergent-
containing solution (2xCMC C8E4 in 200 mM ammonium 
acetate, pH 7.0) (Fig. 5A). After 5 min, excess lipids were removed 
by buffer exchange into detergent-free ammonium acetate before 
analysis by native MS. While spontaneous loading of apo MlaC 
with phospholipids from liposomes occurs over very long timescales 
(5, 12), we observed ca. 5% of MlaC loaded with DOPG after 5 
min incubation in detergent solution (Fig. 5B). To investigate the 
role of MlaA in this loading process, we repeated the experiment 
with catalytic concentrations of OmpF3–MlaA. Upon the addition 
of OmpF3–MlaA the ratio of DOPG-bound MlaC increased by 

almost one order of magnitude to ~40% (Fig. 5B). OmpF3–MlaA 
thus significantly enhances transfer of DOPG to MlaC compared 
to passive phospholipid diffusion.

 To ascertain that the observed increase in lipid loading in the 
presence of OmpF3 –MlaA is a result of lipid transfer through the 
MlaA channel into the MlaC binding pocket, rather than resulting 
from nonspecific lipid scavenging by MlaC at the hydrophobic 
surfaces of the membrane protein complex, we tested two MlaA 
mutants, called hereafter MlaA* and MlaA(3G3P). MlaA* is a 
well-described deletion mutant (ΔAsn41-Phe42), which causes 
severe phospholipid accumulation in the outer leaflet of the outer 
membrane ( 33 ). Phospholipids from the inner leaflet can access 
the tunnel of MlaA*, which short-circuits phospholipid transport 
( 9 ). Accordingly, retrograde phospholipid transport is abolished 
( 5 ). The second mutant, MlaA(3G3P), results from replacement 
of three glycines by prolines (141GVGYG → 141PVPYP), which 
rigidify the linker between a critical hairpin loop and the rest of 
MlaA ( 10 ). MlaA(3G3P) is a loss-of-function mutant which 
results in a similar phenotype as MlaA knockout. It has been 
proposed that the mutation locks the adjacent hairpin loop in a 
closed state that prevents phospholipid transport ( 10 ). Importantly, 
while the mutations in MlaA* and MlaA(3G3P) render MlaA 
unresponsive to the presence of MlaC and thus abolish retrograde 

Fig. 4.   MlaA recruits lipids to the OmpF3–MlaA complex. (A) The deconvolved mass spectrum of MlaA contains three species: OmpF3, OmpF3–MlaA, and OmpF3–
MlaA2. (B) AlphaFold structures of OmpF3 and OmpF3–MlaA with observed fragmentation sites highlighted in red. (C) Native mass spectrum of OmpF3–MlaA 
incubated with DOPG. With increasing numbers of MlaA molecules bound to OmpF3 (0 to 2), phospholipid binding to the outer membrane protein complex 
increases. (D) Bar charts showing the degree of phospholipid binding to OmpF3 and OmpF3–MlaA for different lipid classes and acyl chains. Lipid binding is mainly 
determined by the phospholipid headgroup and ion polarity. Error bars represent the SD between triplicate measurements.
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phospholipid transport ( 22 ), they do not affect its association with 
outer membrane porins ( 10 ).

 We expressed MlaA* and MlaA(3G3P) under the same condi-
tions as wild type MlaA and confirmed their identity and association 
with OmpF by native mass spectrometry (SI Appendix, Fig. S11 ). 
We then repeated the in vitro lipid loading assay with MlaA, MlaA*, 
and MlaA(3G3P) ( Fig. 5E  ). To obtain homogenous samples, we 
preincubated apo  MlaC and DOPG, before aliquoting the solution 
into four tubes to which buffer solution (control), MlaA, MlaA*, 
or MlaA(3G3P) were added at equal protein concentrations and 
volumes. After buffer exchange, we observed ca. 5% lipid-bound 
MlaC in the control sample vs. 50% lipid-bound MlaC in the 
presence of wild type MlaA, in line with the previous results. 
Compared to wild type MlaA, lipid loading is reduced by more 
than half to 20% in the samples containing MlaA* or MlaA(3G3P). 
These nonfunctional mutants thus have a lower transfer efficiency 
than wild type MlaA but are able to increase lipid loading three to 
fourfold compared to passive phospholipid diffusion in the control 
experiment. This suggests that nonspecific lipid transfer could be 
facilitated at the MlaA surface. However, the extent of lipid loading 
is much lower for the mutants than the increase in lipid loading 
observed for wild type MlaA. The results therefore support the pro-
posal that the reconstituted OmpF3 –MlaA–MlaC lipid shuttle 

accounts for >50% of the observed lipid loading, which results from 
complex formation and lipid transfer through the MlaA tunnel 
rather than nonspecific lipid scavenging.

 To determine whether MlaC exhibits preferences toward certain 
phospholipid classes, we endeavored to study solution-phase equi-
libria between lipid micelles and lipids binding to MlaC for PE, 
phosphatidylserine (PS), PC, and CDL ( Fig. 5C  ). CDL loading 
was not detected, in accord with the prediction that the binding 
pocket of E. coli  MlaC can only accommodate two acyl chains 
(SI Appendix, Fig. S12 ). DOPG, DOPE, and DOPS were 
observed to bind to MlaC at very similar levels. Accordingly, MlaC 
showed no preference for either PE or PG when incubated with 
﻿E. coli  lipid extract in the presence of MlaA, independent of the 
detergent used (SI Appendix, Fig. S13 ). MlaA thus does not pre-
select PG in vitro, which could have explained the enrichment of 
PG on endogenous MlaC. In contrast to the major E. coli  lipids, 
binding of DOPC is relatively low, even in the presence of MlaA. 
This was reproduced in a second detergent (DDM) and in the 
absence of detergent; in both cases, DOPC binding was not detected 
(SI Appendix, Fig. S14 ). The diminished loading efficiency of PC 
compared with PE and PG is intriguing, since the headgroup moiety 
beyond the phosphate that determines the lipid class, does not inter-
act with MlaC in the X-ray crystal structure ( 14 ). This would 

Fig. 5.   Loading of delipidated MlaC with synthetic phospholipids in the presence or absence of OmpF3–MlaA. (A) Overview of the experiment: MlaC is incubated 
with lipids with or without adding OmpF3–MlaA in ammonium acetate with 2xCMC C8E4. After buffer exchange into ammonium acetate, the ratio of lipid-loaded 
MlaC is determined by native MS. (B) Loading of MlaC with DOPG is significantly increased in the presence of OmpF3–MlaA. (C) DOPE and DOPS bind with similar 
affinity as DOPG, whereas the binding affinity of DOPC is low. (D) Bar chart showing the ratios of lipid-bound MlaC for different phospholipid classes in the 
presence and absence of OmpF3–MlaA. (E) The MlaA mutants MlaA* and MlaA(3G3P) show reduced lipid loading compared to wild type MlaA but increased 
loading compared to the MlaC-only control. Error bars represent the SD between triplicate measurements.

http://www.pnas.org/lookup/doi/10.1073/pnas.2420041122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2420041122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2420041122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2420041122#supplementary-materials
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imply that MlaC should bind to phospholipids without headgroup 
specificity.

 To investigate whether the diminished loading efficiency of PC 
compared with PG is based on weaker protein–lipid interactions, 
we performed MD simulations of MlaC in complex with DOPC 
and DOPG. First, we generated structures of MlaC loaded with 
DOPC or DOPG based on a crystal structure of lipid-bound 
MlaC (5UWA) ( 14 ). We then simulated the protein–lipid com-
plex in an aqueous solution and derived average protein–lipid 
distances over 3 µs. We did not observe significant differences 
between the average distances of DOPC and DOPG from the 
MlaC binding pocket, suggesting that both protein–lipid com-
plexes are stable in solution (SI Appendix, Fig. S19 ).

 We next hypothesized that the reduced loading efficiency of 
DOPC is not caused by the complex stability itself, but rather by 
elevated energy barriers in the loading process. We hence performed 
umbrella sampling to calculate the free energy profiles corresponding 
to the insertion of DOPG and DOPC into the MlaC binding pocket. 
The results suggest that there is no apparent energy barrier for phos-
pholipid transfer from solution into the MlaC binding pocket. 
Nonetheless, the free energy profiles show that the stabilization of 
DOPG in the MlaC–DOPG complex is increased by ca. 10 kJ mol-1  
relative to the MlaC–DOPC complex (SI Appendix, Fig. S21 ). 
Furthermore, the width of the minimum in the free energy profile 
of phospholipid loading extends further from MlaC in the case of 
DOPG compared to DOPC, thus implying that DOPG may exhibit 
a greater preference for loading than DOPC at greater distances from 
MlaC. Overall, the results suggest that the equilibrium between phos-
pholipid in solution and MlaC–lipid complexes is shifted more 
toward the MlaC–lipid complex for DOPG than it is for DOPC.

 An additional experimental factor that could favor the forma-
tion of MlaC–DOPG complexes is the higher expected availability 
of free DOPG than DOPC in solution: PGs have a lower tendency 
to form micelles than PCs, and hence more DOPG monomers 
should be available to MlaC ( 34 ). The energy barrier for lipid 
loading could arise from the need to extract single lipids from 
micelles. Accordingly, MlaA should accelerate the process by pro-
viding a hydrophobic channel and preventing the need for a fully 
solvated lipid. Regardless of the different solution-phase equilibria 
for different phospholipid classes, our results clearly demonstrate 
that the addition of OmpF3 –MlaA increases loading significantly 
for all phospholipids investigated ( Fig. 5D  ).  

Assembly and Dissociation of the Transient OmpF3–MlaA–MlaC 
Complex. Finally, we set out to capture the elusive OmpF3–MlaA–
MlaC complex and track the individual steps of MlaA-mediated 
lipid transfer by native MS. First, we incubated OmpF3–MlaA and 
delipidated MlaC at a 1:1 ratio in 200 mM ammonium acetate 
containing 2xCMC C8E4. The addition of apo MlaC to OmpF3–
MlaA led to the formation of a new species corresponding to the 
ternary OmpF3–MlaA–MlaC(apo) complex (Fig. 6 A and B). The 
formation of OmpF3–MlaC complexes was not observed, which 
demonstrates that MlaC specifically binds to the MlaA portion 
of the outer membrane protein complex, as previously suggested 
by crosslinking experiments (22).

 To observe the impact of phospholipid binding on the stability 
of the OmpF3 –MlaA–MlaC complex we added PG 36:2 (DOPG) 
to the assembly and recorded a mass spectrum immediately after 
lipid addition ( Fig. 6C  ). Adding DOPG to the protein assemblies 
led to a decrease of the OmpF3 –MlaA–MlaC(apo ) complex (P  = 
0.001; SI Appendix, Fig. S16 ). At the same time, DOPG-loaded 
MlaC became apparent in the lower mass range of the same spec-
trum. Because the presence of detergent impeded quantification of 
lipid-bound MlaC, we buffer-exchanged the sample into 

ammonium acetate and found that ca. 20% of MlaC was bound to 
DOPG after 5 min incubation (SI Appendix, Fig. S16 ). We also 
observed lipid binding to both OmpF3 –MlaA and OmpF3 –MlaA2 , 
but no lipid-bound OmpF3 –MlaA–MlaC complex. Although we 
cannot exclude that lipid-bound peaks are not apparent due to the 
low abundance of the ternary complex, this finding is in line with 
the suggestion that lipid-bound OmpF3 –MlaA–MlaC complex is 
unstable ( 22 ). We infer that the protein complex dissociates after 
phospholipid transfer from MlaA to MlaC, releasing OmpF3 –MlaA 
and lipid-bound MlaC. In sum, we were able to capture the transient 
ternary OmpF3 –MlaA–MlaC(apo ) complex and observe its disso-
ciation upon lipid transfer to MlaC. Thus, we reconstituted the lipid 
shuttle, with the preferred MlaC lipid, in solution and captured all 
essential steps of MlaA-mediated phospholipid transfer to MlaC by 
native MS.   

Discussion

 In this study, we characterized the endogenous lipids transported 
by the bacterial phospholipid transporter MlaC, and studied phos-
pholipid transfer from MlaA to MlaC in solution using native MS. 
We demonstrate that MlaC expressed under native conditions cop-
urifies with a three-fold enrichment of PG compared to the whole-
cell PG content. We could not relate this finding to a preference of 
MlaC for PG or selectivity of MlaA toward PG in vitro, suggesting 
that this enrichment is unique to the cellular environment.

 There are several possible reasons why we observe an enrichment 
of PG on endogenous MlaC. Assuming that MlaC receives phos-
pholipids from the outer leaflet of the outer membrane, the accu-
mulation could result from a higher tendency of PG to flip across 
the outer membrane. In the current absence of studies on lipid 
flipping at the bacterial outer membrane, this is difficult to esti-
mate, as the flipping propensity is highly dependent on the 

Fig. 6.   Formation and dissociation of the transient OmpF3–MlaA–MlaC(apo) 
complex captured by native MS. (A) The native mass spectrum of purified MlaA 
contains three species: OmpF, OmpF3–MlaA, and OmpF3–MlaA2. (B) Addition 
of apo MlaC leads to the emergence of the ternary OmpF3–MlaA–MlaC(apo) 
complex. (C) The protein complex partially dissociates when DOPG is added, 
releasing lipid-bound MlaC (Inset shown after detergent removal). DOPG also 
binds to OmpF3–MlaA and OmpF3–MlaA2 (yellow). Protein complex cartoons 
were generated using AlphaFold3.

http://www.pnas.org/lookup/doi/10.1073/pnas.2420041122#supplementary-materials
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http://www.pnas.org/lookup/doi/10.1073/pnas.2420041122#supplementary-materials
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membrane composition and cannot be derived from experiments 
on simple model membranes ( 28 ). Due to their negative charge 
at neutral pH, however, PG should be less prone to flipping than 
zwitterionic PE ( 29 ). On the other hand, it was shown that 
membrane-spanning domains of proteins can catalyze lipid flip-
ping and accelerate the flipping of PG substantially over PE ( 30 ).

 Another explanation for the observed enrichment of PG could 
be that alternative mechanisms exist that remove PE from the 
outer leaflet of the outer membrane. The outer membrane proteins 
PagP and PldA degrade phospholipids by removing fatty acids ( 1 ). 
However, PE and PG are both comparably efficient substrates of 
PagP ( 31 ,  32 ), and PldA mutations do not alter the phospholipid 
composition ( 33 ), pointing toward little or no phospholipid selec-
tivity of the two enzymes. Nonetheless, there might be other yet 
unknown pathways that degrade or remove PE from the outer 
leaflet of the outer membrane. Alternatively, it is also possible that 
MlaFEDB unloads PE more efficiently than PG at the inner mem-
brane, resulting in a net enrichment of PG on MlaC.

 Interestingly, PG has also been found to be enriched on overex-
pressed MlaD ( 35 ), which could be a direct result of increased PG 
transport through the Mla system. On the other hand, the finding 
that MlaC overexpressed in the cytosol is enriched in PG is surpris-
ing, as it can neither be loaded nor unloaded by the other Mla 
components in vivo ( 18 ). However, one can wonder in general how 
cytoplasmic MlaC, which copurified with a large amount of phos-
pholipids, was loaded with lipids at all. Our experiments together 
with those reported previously ( 12 ) showed that loading of MlaC 
by lipid diffusion in solution is negligible. On the other hand, short 
contact with catalytic amounts of MlaA increases lipid loading to 
a great extent. Hence, it is possible that MlaC overexpressed in the 
cytosol is loaded during high pressure lysis, which mixes the mem-
branes and enables contact between MlaC and MlaA.

 In addition to characterizing the lipids transported by MlaC, 
we reconstructed the OmpF3 –MlaA–MlaC lipid shuttle in solu-
tion. We observed that MlaA recruits phospholipids to OmpF, 
likely providing a pool of phospholipids close to the channel 
entrance which could be readily passaged through the channel to 
MlaC. OmpF3 –MlaA significantly increased loading of different 
phospholipid classes onto MlaC compared to nonfunctional MlaA 
mutants or passive phospholipid diffusion in solution. We  
dissected the loading process into two steps: formation of the 
transient OmpF3 –MlaA–MlaC complex and dissociation of 
lipid-bound MlaC from the complex upon addition of PG. We 
thus showed that the transient OmpF3 –MlaA–MlaC complex 
could be captured and investigated by native MS. Overall therefore 
we have elucidated and reconstituted a crucial process occurring 
at the outer membrane of gram-negative bacteria, essential for 
both membrane integrity and antibiotic resistance.  

Materials and Methods

Recombinant Protein Expression. MlaC and MlaA were expressed and puri-
fied according to reported protocols with minor modifications (12, 14). Codon-
optimized DNA corresponding to MlaC with N-terminal signal peptide followed by 
a hexahistidine tag and TEV protease cleavage site was cloned by Gibson assem-
bly into a pET28b vector. Codon-optimized DNA corresponding to full-length 
MlaA, MlaA* (ΔAsn41-Phe42), and MlaA(3G3P) (141GVGYG → 141PVPYP) 
were cloned into pET15 vectors resulting in a TEV protease cleavage site and 
C-terminal hexahistidine tag. E. coli BL21(DE3) (New England Biolabs) cells were 
cotransformed with the MlaC- and MlaA-encoding plasmids under kanamycin (50 
µg/mL) and ampicillin (100 µg/mL) selection, and separately transformed with 
the plasmids encoding MlaA and MlaA mutants under ampicillin selection. MlaC 
co-overexpressed with MlaA was made and purified in triplicate, starting from 
different colonies. Overnight cultures were grown with shaking in Luria Broth (LB) 

under the respective antibiotic selection at 37 °C. 10 mL of the overnight cultures 
was used to inoculate 1 L of expression culture. The cultures were grown at 37 °C 
to OD600 = 0.5 and then cooled before IPTG was added to a final concentration 
of 0.8 mM. Protein expression was performed at 16 °C for 5 h for MlaA and MlaA 
mutants and overnight for MlaC. Cell pellets were harvested by centrifugation 
at 5000 × g for 15 min. Proteins were purified by affinity chromatography as 
detailed in the SI Appendix, Extended Methods.

Stepwise Delipidation of MlaC. MlaC was delipidated following a reported 
protocol with slight modifications (n = 3, different days) (12). Purified, His-tagged 
MlaC was loaded onto four 0.5-mL Ni-NTA affinity columns equilibrated with wash 
buffer (50 mM Tris pH 8.0, 300 mM NaCl, 10 mM imidazole). The columns were 
washed with 5 CV wash buffer, before being filled with 5 CV delipidation buffer 
(50 mM Tris pH 8.0, 300 mM NaCl, 10 mM imidazole, 2% OG) and placed on a 
roller for 1 h. MlaC was eluted from the first column with 5 CV elution buffer (50 
mM Tris pH 8.0, 300 mM NaCl, 300 mM imidazole), while fresh delipidation 
buffer was added to the remaining columns and the process was repeated. MlaC 
was eluted from the first three columns after one, two, and three 1 h delipidation 
steps. The fourth sample was eluted after a fourth delipidation step overnight. 
The elutions were dialyzed against dialysis buffer (50 mM Tris pH 8.0, 150 mM 
NaCl) and concentrated. All steps were performed at 4 °C.

Endogenous Tagging and Purification of MlaC. E. coli MlaC was endoge-
nously tagged with an N-terminal Twin-Strep tag after the signal sequence using 
lambda Red recombination (28). The fusion allele was transduced into E. coli 
wild type strain BW25113 by P1 phage transduction (29). After removal of the 
kanamycin cassette using the pCP20 plasmid, cells were grown to an OD600 of 
0.7 to 0.8 and pelleted. Cells were lysed by hypotonic lysis and purified by using 
Strep-TactinXT 4Flow High Capacity resin (IBA Lifesciences), as detailed in the 
SI Appendix, Extended Methods.

Mass Spectrometry. Two different mass spectrometers were employed in this 
study: a Q-Exactive UHMR mass spectrometer (ThermoFisher Scientific) for native 
MS analysis, and an Orbitrap Eclipse Tribrid mass spectrometer (ThermoFisher 
Scientific) for bound lipid identification, native top–down MS, and lipidomics. 
Capillaries for nano electrospray ionization were pulled in-house using a P97 
Micropipette Puller (Sutter Instrument Corporation), and coated with gold by an 
Agar Auto Sputter Coater. The respective instrument parameters are specified in the 
SI Appendix, Extended Methods, and raw spectra are accessible via Figshare (36).

Loading of MlaC with Phospholipids. To load MlaC with synthetic lipids in deter-
gent, 5 µM delipidated MlaC was added to a solution of 25 µM (final concentration) 
phospholipids in 200 mM ammonium acetate (pH 7.0) with 2xCMC C8E4 and either 
0.25 µM or no OmpF3–MlaA. Loading of MlaC with natural E. coli lipid extract was 
achieved analogously using a total lipid concentration of ca. 750 µM. The effect 
of OmpF3–MlaA on lipid loading was found to saturate above an MlaA:MlaC ratio 
of 1:50 (corresponding to a concentration of 0.1 µM OmpF3–MlaA); SI Appendix, 
Fig. S15. For loading experiments with MlaA mutants, OmpF3–MlaA, OmpF3–MlaA*, 
and OmpF3–MlaA(3G3P) were buffer-exchanged into 200 mM ammonium acetate 
with 2xCMC C8E4 and diluted to equal concentration (ca. 10 µM). Equal volumes 
of OmpF3–MlaA and mutants (0.25 µM final concentration) were then added in 
separate tubes to a mixture of apo MlaC (5 µM final concentration) and DOPG 
(25 µM final concentration) in 200 mM ammonium acetate with 2xCMC C8E4. To 
ensure homogenous conditions, MlaC and DOPG were mixed before aliquoting 
into the individual test tubes. This solution containing only MlaC and DOPG in 
detergent buffer further served as control sample. The solutions were vortexed and 
incubated without agitation for 5 min. 20 µL of each solution was buffer-exchanged 
into 200 mM ammonium acetate using BioSpin-6 columns (BioRad) to remove 
excess lipids. The buffer-exchanged samples were measured without dilution on 
the UHMR Q-Exactive mass spectrometer.

MD Simulations. MD simulations were performed using GROMACS version 
2022.5 (37). Input structures were generated based on a crystal structure of 
diacylglycerol-bound MlaC (5UWA) (14) by removing the second MlaC mole-
cule (chain B) and water molecules and replacing the diacylglycerol ligand with 
DOPG or DOPC. GROMACS input files were generated with CHARMM-GUI (38, 
39) using the Charmm36 force field (40) and TIP3P water model (41, 42). Protein 
dynamics were simulated for a total simulation time of 3 µs. Umbrella sampling 

http://www.pnas.org/lookup/doi/10.1073/pnas.2420041122#supplementary-materials
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was performed for MlaC in complex with DOPG and DOPC. Computational details 
are described in the SI Appendix, Extended Methods.

Data, Materials, and Software Availability. Raw data underlying the Figures 
shown in the main text and SI Appendix have been deposited on Figshare (DOI: 
10.25446/oxford.28590011) (36). Code critical to the findings of this manuscript 
is available at https://github.com/kanalstrahlen/MS2toMS1fitter/ (26). All other 
data are included in the article and/or SI Appendix.
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