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Abstract: Gram-negative bacteria develop and exhibit resistance to antibiotics owing to their highly 

asymmetric outer membrane maintained by a group of six proteins comprising the Mla (maintenance of 

lipid asymmetry) pathway. Here we investigate the lipid binding preferences of one Mla protein, MlaC, 

which transports lipids through the periplasm. We used ultraviolet photodissociation (UVPD) to identify 

and characterize modifications of lipids endogenously bound to MlaC expressed in three different bacteria 

strains. UVPD was also used to localize lipid binding to MlaC residues 130-140, consistent with the crystal 

structure reported for lipid-bound MlaC. The impact of removing the bound lipid from MlaC on its 

structure was monitored based on collision cross section measurements, revealing that the protein 

unfolded prior to release of the lipid. The lipid selectivity of MlaC was evaluated based on titrimetric 

experiments, indicating that MlaC bound lipids in various classes (sphingolipids, glycerophospholipids, 

fatty acids) as long as they possessed no more than two acyl chains.  
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Introduction  

 While bacteria are relatively well-understood organisms, bacterial infections still account for over 

13% of global deaths annually.1 The number of bacterial infections continues to increase with the rise of 

antibiotic resistance,2,3 and by the year 2050, it is estimated that bacterial infections will cause 10 million 

deaths per year.4 Gram-negative bacteria often cause the most deadly infections as these bacteria are 

resistant to more classes and types of antibiotics.5 Gram-negative bacteria have a unique outer cellular 

membrane (OM) which is assembled asymmetrically with lipopolysaccharides (LPS) that thwart cellular 

entry of antibiotics.6,7 Construction of this asymmetrical OM is governed by the LPS transport pathway 

that facilitates transport of LPS to the OM.8 While the LPS are the key unique feature of the OM, 

glycerophospholipids (GPLs) are also needed to maintain the inner membrane, the periplasmic side of the 

OM, and short segments of the extracellular side of the OM. However, if excessive GPLs accumulate in the 

extracellular side of the OM, the OM becomes more susceptible to permeation by small molecules like 

antibiotics.9 A system of proteins, known as the maintenance of lipid asymmetry (Mla), are tasked with 

removing misplaced GPLs from the extracellular side of the OM to maintain its asymmetry.10   

 The Mla system consists of six proteins designated MlaA-MlaF, and these proteins span from the 

OM to the cytoplasmic side of the inner membrane. MlaA is embedded in the OM and passes misplaced 

GPLs to MlaC, a periplasmic protein.11,12 MlaC then transfers the GPLs to the MlaD-F complex13 to send 

the GPLs to the inner membrane where GPLs are reinserted (retrograde).14,15 Previous work indicated that 

the Mla system may be able to move GPLs in the reverse direction, i.e. transporting GPLs to the outer 

membrane (anterograde)16,17; however, other and more recent work provides substantial evidence that 

the Mla pathway only functions in retrograde.11,18–24 A recent study showed that electrostatic interactions 

between MlaA and MlaC only occur when MlaC is in an apo state, further confirming the retrograde 

function of the Mla pathway.25 While MlaA and the MlaD-F complex contain transmembrane domains 

making them difficult to analyze by many methods owing to solubility issues,14 MlaC is soluble in aqueous 

solvents which, along with its small size of 23 kDa and that it typically binds and transports only one lipid 

at a time,26 makes the protein more readily characterized.27 As MlaC is a critical component of the Mla 

system, examining the lipid binding preferences of MlaC, its conformational changes, and nature of its 

lipid binding interactions may result in a better understanding of the function of the Mla system as a 

whole.   

 Molecular docking and other computational methods have shown that MlaC interacts with the 

hydrophobic acyl chains of GPLs, 28 unlike many proteins with transmembrane domains which can interact 
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with both the lipid headgroup and acyl chain depending on the hydrophobicity in that region of the 

protein.29,30 Given that MlaC is thought to be a transporter protein that shuttles lipids between MlaA and 

MlaDEBF complex, this binding orientation is logical given that the proposed lipid transfer through the 

Mla system involves the polar lipid headgroup disassociating from MlaA last and then interacting with the 

MlaDEBF complex via the headgroup first.23 MlaC has been shown to bind GPLs via the acyl chains in E. 

coli as documented in multiple x-ray crystal structures.17,31 A similar acyl chain-mediated binding 

configuration was reported for P. aeruginosa MlaC, but this MlaC species had a sufficiently large binding 

cavity to accommodate two GPLs at once as determined by x-ray crystallography (PBD 6HSY), indicating 

that P. aeruginosa may use the Mla system to transport larger lipids that contain more than two acyl 

chains such as cardiolipin.26  

Advanced mass spectrometry methods have increasingly been developed and applied to decipher 

stoichiometries, structures, interactions, and topologies of protein-ligand complexes.30,32,33 To probe lipid 

binding preferences, mass spectrometry has been used to identify lipids washed from MlaC or dislodged 

from MlaC under denaturing conditions.16,26 Primarily GPLs16 and possible partial structures of 

cardiolipins26 were found, all common in Gram-negative bacteria.34 Further, native mass spectrometry 

(native MS), a strategy which entails using electrospray ionization (ESI) of aqueous solutions of high ionic 

strength to preserve native-like protein structures, was employed to examine intact MlaC●lipid complexes 

from P. aeruginosa.26 Native mass spectrometry was used to support x-ray crystallography data that 

suggested that MlaC from P. aeruginosa could be bound to two GPLs at once and/or one cardiolipin,26 

although the mass resolution was insufficient for definitive claims. Deeper characterization of protein-

ligand interactions has been achieved by using high resolution native mass spectrometry,35 allowing even 

small mass shifts in bound ligands corresponding to a single lipid saturation to be resolved. Further, 

tandem MS, particularly ultraviolet photodissociation (UVPD), has been employed to localize lipid binding 

to membrane proteins.36 Moreover, UVPD of individual lipids provides extensive structural information 

such as the identification and localization of unsaturation elements,37,38 features that are difficult to 

discern by conventional MS/MS methods. Auxiliary mass spectrometry techniques such variable 

temperature ESI have been used to evaluate the stabilities and thermodynamic parameters of membrane 

proteins and their lipid complexes,39,40 and collision cross section measurements have revealed 

conformational changes of membrane proteins upon lipid binding.41,42  

Owing to its lack of a transmembrane domain and therefore solubility in aqueous solvents without 

adducts, MlaC presents a unique opportunity to study the effects of collisional activation on retention of 
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native protein structure. Although membrane protein titration experiments43 have revealed lipid binding 

preferences of membrane proteins,44,45 endogenously bound lipids are rarely characterized owing to 

spectral complexity as many membrane proteins bind multiple lipid species at once.45 Herein, we use high 

performance native mass spectrometry to characterize the conformational size of MlaC without and with 

bound lipids via collision cross section measurements, to localize the lipid binding site and the identity of 

endogenously bound lipids by UVPD, and determine lipid binding preferences based on variable 

temperature and titrimetric experiments.  

Materials and Methods  

Materials 

Equine heart myoglobin and ammonium acetate were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). LC-MS grade water and methanol was purchased from Merck Millipore (Billerica, MA, USA). 

Octyl glucoside and lipid standards (Table S1) were purchased from Cayman Chemicals, except for the 

cardiolipin, which was purchased from Avanti Polar Lipids. For non-denaturing experiments, proteins were 

diluted in 100 mM ammonium acetate to a final concentration of 10 μM. For denaturing experiments 

proteins were diluted to 20 μM in 0.1% formic acid and desalted with Micro Bio-Spin™ P-6 Gel Columns 

(Bio-Rad Laboratories Inc., Hercules, CA) three times to remove excess glycerol, then diluted with 

methanol to a final concentration of 10 μM. 

Plasmid and strain construction 

For expression of MlaC in W3110, endogenous mlaC was deleted via P1 transduction of mlaC::kan 

from BW25113 mlaC::kan (Keio Collection). The kanamycin (kan) resistance cassette was removed by 

transformation with temperature instable pCP20. After kan cassette excision, pCP20 was cured by incubation 

at 42 OC overnight. Resulting strain was named W3110mlaC. 

pQLinkN was used in the expression of MlaC-His8 in W3110 mlaC. Prior to inserting mlaC into 

pQLinkN the chloramphenicol acetyltransferase was removed from the vector using NheI and NcoI restriction 

sites, blunted with Klenow large fragment, and circularized using blunt-end ligation. Resulting vector was 

named pQLink. mlaC-His8 was amplified from W3110 using primers encoding BamHI and NotI restriction site 

overhangs, and carboxy-terminal poly-histidine tag (Table S2) and ligated into pQLink to produce pQLink-

mlaC-His8. The plasmid was then transformed into W3110mlaC using electroporation for protein 

expression. 
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pET21a was used in the expression of MlaC-His8 in HMS174(DE3) and C43(DE3). mlaC-His8 was 

amplified from W3110 using primers encoding NdeI and BamHI restriction site overhangs, and carboxy-

terminal poly-histidine tag (Table S2) and ligated into pET21a to produce pET21-mlaC-His8. Plasmid was 

transformed into HMS174(DE3) using electroporation and chemically competent C43(DE3) using heat shock 

transformation. 

Protein expression 

MlaC was expressed and purified in house in three different strains of bacteria including W3110 (a 

wild-type standard E. coli K-12 strain), HMS174(DE3) (a K-12 strain harboring the DE3 lysogen allowing for 

pET-based overexpression), and E. coli strain C43(DE3). MlaC-His8 was expressed from pET21-mlaC-His8 for 

strains HMS174(DE3) and C43(DE3) and pQLink-mlaC-His8 for W3110mlaC. For HMS174, and W3110mlaC, 

1 L cultures were subcultured 1:100 from overnight culture. For C43(DE3) pET21-mlaC-His8, 500 mL LB culture 

was subcultured 1:100 from overnight culture. For all strains, after two hours of subculture growth at 37 OC, 

MlaC-His8 was induced with the addition of IPTG to 1 mM final concentration. After four hours of induction, 

bacteria were harvested, washed in PBS, and resuspended at 100 mg wet pellet/mL lysis buffer (50 mM 

HEPES pH 7.5, 500 mM NaCl, 40 mM Imidazole, 10% Glycerol). 1 mg/mL lysozyme and 50 U/mL benzonase 

were added to the bacterial suspension and lysed with a French Press at 20,000 PSI. EDTA-free protease 

inhibitor cocktail (Sigma) was added to 1x final concentration. Cellular debris was removed by centrifugation 

at 5,000 x g for 15 minutes. Membranes were removed from the lysate by centrifugation at 100,000 x g for 1 

hour. MlaC-His8 was purified using HisTrap FF (Cytiva) and eluted with a linear gradient of lysis buffer 

containing 500 mM Imidazole. Elution fractions containing MlaC-His8 were concentrated using Vivaspin 

10,000 Da cutoff spin column (Cytiva) and MlaC-His8 was further resolved using Supderdex 200 Increase 

10/30 GL size exclusion (Cytiva). MlaC-His8 containing fractions were concentrated using Vivaspin 10,000 Da 

spin column. Protein concentrations were determined using Pierce BCA protein assay kit (Thermo). 

The MlaC sequence is given in Table S3, and more details about samples from each strain are shown 

in Table S4. MS1 and sequence maps generated from MS/MS spectra of each MlaC protein are included in 

Figure S1-S3.  

Lipid Titration  

Lipid titration experiments were performed as previously described.43 Briefly, octyl glucoside was 

added to a 20 μM sample of MlaC in a solution comprised of 50 mM HEPES pH 7.5, 500 mM NaCl, and 

10% glycerol to reach a final concentration of 1% octyl glucoside. The sample was incubated with 1% octyl 
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glucoside overnight at room temperature, which allowed significant delipidation without protein 

degradation. The sample was buffer exchanged three times as described above to remove the detergent 

and excess glycerol. Exogenous lipids were then added from methanol stock solutions, giving a ratio of 

1:10 protein to lipid and less than 1% methanol. Gentle heating (37 °C) or sonication was used for up to 1 

hour to enhance protein-lipid binding.  

Instrumentation  

All experiments were performed on a Thermo Scientific™ Q Exactive™ HF-X quadrupole-Orbitrap 

mass spectrometer (Bremen, Germany) with Biopharma option, which was modified to collect two-

second-long transients, corresponding to a resolution of 960,000 at m/z 200, necessary to calculate CCS. 

A 500 Hz, 193 nm Coherent® ExciStar excimer laser (Santa Cruz, CA) was interfaced as previously described 

to perform UVPD in the HCD cell.46,47 Ions were generated by nano-electrospray ionization using Au/Pt-

coated borosilicate emitters fabricated in-house and using a spray voltage of 0.8-1.6 kV. For variable 

temperature experiments, a variable temperature ESI source was used to modulate the solution 

temperature during ESI as previously described.48,49 CCS measurements of MlaC (9+ charge state) were 

undertaken after stepwise in-source collisional activation and isolation in the quadrupole using an 

isolation width of 5-10 m/z at a resolution of 960,000. Low resolution (7,500) MS1 spectra were also 

monitored during stepwise in-source collisional activation to determine the fractional abundance of lipid 

bound species. For UVPD experiments, MlaC lipid complexes (9+ charge state) were mass-selected in the 

quadrupole with an isolation width of 5-10 m/z, and spectra were collected at 240,000 resolution, using 

250 averages per replicate. For endogenous lipid identifications, a pseudo MS3 method with in-source 

collision activation was used to release lipids from the protein-lipid complexes, followed by UVPD of each 

lipid species in the negative mode. The C-trap gas pressure was set to 1 for all experiments, corresponding 

to a UHV gauge reading of around 1E-10 to 1.5E-10 mbar, respectively. All data was collected with high 

mass range (HMR) mode on and default ion optic voltages.  

Data Acquisition and Processing  

A custom license provided by Thermo Fisher Scientific allowed the collection of transient data 

needed for CCS measurements.  Transients were processed using the direct decay profile fitting method 

with a custom MATLAB R2020a script as previously described.50,51 All CCS data were calibrated to 

myoglobin (8+ charge state, ion mobility CCS 1966 Å2) collected at the same pressure and on the same 

day, and CCSs were fitted owing to extended ion survival as previously described.52 Variable temperature 
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ESI data was analyzed using a custom MATLAB R2020a script as previously described.48 UVPD spectra were 

deconvoluted using Xtract in QualBrowser, and sequence coverage maps were generated from the 

deconvoluted data using MS-TAFI with a 10 ppm error tolerance.53 MS-TAFI was used to compare UVPD 

replicate data so that only fragment ions identified in at least two out of three replicates were retained. 

Prosight Native was used to confirm isotopic distributions of holo ions identified in UVPD mass spectra 

acquired for MlaC•lipid ions.54 Unidec was used for the deconvolution of low-resolution data to calculate 

fractional abundance of lipid bound species.55,56 Ejected endogenously bound lipids were identified by 

comparing their UVPD fragmentation to theoretical fragmentation patterns from the LIPID Metabolites 

and Pathways Strategy structure database (LIPID MAPS, www.lipidmaps.org). Crystal structures were 

prepared using PyMol (PyMOL Molecular Graphics System, version 2.4 Schrödinger, LLC). 

 

Results and discussion  

MlaC endogenously bound lipid preferences varies based on expression strain 

To better understand the lipid binding preferences of the Mla system, we first sought to characterize 

endogenous lipids bound to MlaC. As native mass spectrometry maintains proteins in their native state and 

uses gentle conditions to transfer proteins to the gas phase, non-covalent lipid binding interactions are 

preserved. We expressed MlaC in three E. coli strains (details Table S4), and the MS1 spectra obtained for 

MlaC derived from each strain are shown in Figure 1a, indicating high abundances of 1:1 MlaC•lipid 

complexes and lower abundances of apo MlaC.  In-source collisional activation, a method used to collisionally 

heat ions, was used to disassemble the MlaC•lipid complexes and release the lipids. Accurate mass 

measurements of the released lipids were used to identify the lipids bound to MlaC, and typical lipid profiles 

are shown in Figure S5 for MlaC derived from the C43 and W3 strains.  MlaC from the C43 strain exhibits a 

different profile of lipids from the W3 strain, and the mass of the most abundant lipid (m/z 702.51) is 

congruent with an unsaturated lipid containing one odd-carbon acyl chain, indicative of a cyclopropane 

modification. UVPD of this lipid yields an informative fragmentation pattern consistent with PE(16:0_17:1), 

confirmed by a pair of diagnostic fragments (Δ14 Da) characteristic of a cyclopropane moiety (Figure 1b).  

This result substantiates that MlaC expressed in C43 cells primarily binds  the highly abundant cyclopropane-

containing PE(16:0_17:1).  

UVPD was used to characterize the most abundant lipids released from MlaC from each strain, 

revealing an array of unsaturated PE and PG lipids (Figure S6). Comparison of the bound lipid profiles reveals 

that MlaC from the HM and W3 strains have very similar endogenously bound lipids in contrast to MlaC from 
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the C43 strain (Figure S4). C43 cells are known to have an increased inner membrane content leading to 

bunching of the membrane, a cellular modification which is correlated with lipid structural modifications like 

cyclopropane motifs.57,58 Therefore, we suspect that MlaC binds the most abundant GPLs within the 

membrane and does not appear to exhibit significant preference for specific acyl chain modifications. 

Additionally, the MS1 spectra show that MlaC only binds a single lipid at a time, thus confirming the inability 

of MlaC to bind multiple lipids simultaneously when expressed in E. coli, as also noted in a previous study.26   

 
 
Figure 1. (a) MS1 spectra of MlaC produced in each bacteria strain with the major endogenously bound 
lipids identified. Spectra spanning a broader m/z range are shown in Figure S4. (b) UVPD mass spectrum 
(7 pulses, 2.5 mJ per pulse) of the lipid (m/z 702.51) released upon in-source collisional activation from 
the dominant MlaC•lipid complex observed from the C43 strain. The UVPD mass spectra of other lipids 
bound to MlaC for the HM and W3 strains are shown in Figure S6.  
 

MlaC•PG(18:1/18:1) from the W3 strain was characterized by UVPD, yielding numerous sequence ions 

as well as apo protein ions (Figure 2a). The ejected lipid was not detected, an outcome not unsurprising 

because these lipids are more readily detected as deprotonated species in the negative mode. In contrast, 

UVPD of MlaC•PE(16:0_16:1) resulted in detection of free PE(16:0_16:1) as a protonated species (Figure S7). 

For the sequence ions produced upon UVPD of the MlaC•lipid complexes, they may be classified as “apo” 
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(the lipid is not retained) or “holo” (the lipid is retained), and the pattern of these ions can be used to localize 

the general lipid binding site (Figure 2b). There are no fragment ions originating from backbone cleavages 

spanning residues 133-140, a notable difference compared to the rest of the protein (Figure S8a), and a few 

lipid-containing holo fragment ions that encompass this region are detected (Figure S8b). These two 

observations  suggest that the lipid is associated in this region of the protein, consistent with previous X-ray 

crystallography, cryo-EM, and molecular docking studies of MlaC that have localized binding of the lipid acyl 

chains as seen in Figure 2c.12,17,26,27,31  The backbone cleavage sites from which the lipid-retaining holo ions 

produced upon UVPD of MlaC•PG(18:0/16:0)  (e.g. holo ions) are shaded on the crystal structure in Figure 

2c. 

 
Figure 2. (a) UVPD mass spectrum (1 pulse, 2.5 mJ) of MlaC●PG(18:0/16:0) (9+) and (b) the resulting 
sequence coverage map generated based on combined apo and holo fragment ions with the lipid fixed at 
K133 (which offered the highest sequence coverage).  Sequence coverages were 76% based on apo 
fragment ions and 78% when including lipid-bound holo fragment ions. Sequence coverage maps for 
MlaC●PG(18:0/16:0) based on apo fragment ions (no lipid bound), holo ions only (lipid bound, fixed at 
K133), and the combined map are shown in Figure S8, and fragment ion identifications are provided in 
Supplemental Information (Table S5). (c) The crystal structure of MlaC (PDB 5UWA with green lipid ((2S)-
3-(2-aminoethoxy)propane-1,2-diyl dihexadecanoate); in this structure, some residues (N-terminal 
residues A1 to D2 and C-terminal residues E187 to H198) were not included in the construct or were not 

https://doi.org/10.26434/chemrxiv-2024-vgtk2 ORCID: https://orcid.org/0000-0002-1906-4018 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-vgtk2
https://orcid.org/0000-0002-1906-4018
https://creativecommons.org/licenses/by-nc-nd/4.0/


10 
 

resolved crystallographically but are included in the 198 residues shown in the sequence map in (b). The 
backbone cleavage sites from which the lipid-containing fragment ions originate are highlighted in fuchsia.    

 
MlaC begins to unfold prior to dissociation of lipid  

As MlaC is a soluble periplasmic protein, it represents a unique opportunity to study both the apo 

and lipid-bound  protein. In-source collisional activation is often used to remove adducts from proteins to 

alleviate dispersion of signal among many heterogeneous forms or to disassemble protein complexes to 

facilitate analysis of the subunits. Here, we monitored the impact of in-source collisional activation on the 

distribution of adducts and the retention of the native folded structure based on measurement of collision 

cross sections. Increasing the voltage used for in-source collisional activation causes detachment of the lipid 

and other adducts from MlaC and increases the signal-to-noise of apo Mlac by over one order of magnitude 

(Figure 3a). The native structure of MlaC is disrupted at collision voltages beyond ~50 V as evidenced by the 

increase in collision cross section (CCS) of MlaC from 2300 Å2 (in the absence of collisional heating) to 2700 

Å2 (for collision voltages greater than 70 V) (Figure 3b).  Interestingly, all of the bound lipid is not fully 

detached until collision voltages surpass 100 V, indicating that MlaC unfolds prior to ejection of all lipids 

(Figure 3b).  
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Figure 3. (a) MS1 spectra of MlaC (C43 strain) as a function of the degree of collisional heating via 
in-source collisional activation. (b) Fractional abundance of MlaC•PE(16:0_17:1) (relative to the 
summed abundances of apo MlaC and MlaC•PE(16:0_17:1) and collision cross section of apo 
MlaC (9+) as a function of collisional heating via in-source collisional activation. Error bars 
represent the standard deviation based on three replicates. 
 

 
MlaC binds lipids preferentially based on acyl chain 

Understanding the binding preferences of MlaC for exogenous lipids is another key question that 

provides insight about the selective lipid transport of MlaC in Gram-negative bacteria. A protocol was 

adapted from previous studies that focused on understanding lipid binding affinities of insoluble proteins 

with transmembrane domains,43,59,60 using a detergent to remove all lipids from MlaC prior to re-constitution 

with other targeted lipids. This method removed approximately 90% of all lipids bound to MlaC, leaving 

predominantly apo protein (Figure S9). A wide array of lipids with differing head groups and number of acyl 

chains (see Table S1) were selected for titration experiments with MlaC. Deconvoluted MS1 spectra obtained 

for the solutions containing MlaC with each lipid are displayed in Figure 4.  MlaC binds lipids with different 

headgroups as long as the lipid has only one or two acyl chains. MlaC even bound a ganglioside, GM1 
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(d18:1_18:0), a lipid with a very large head group not found in bacteria, suggesting that MlaC binding does 

not discriminate based on head group but rather based on number of acyl chains. This result is consistent 

with the lipid binding and transport pathway proposed for Mla system in which  MlaC binds primarily via lipid 

acyl chains, not by the lipid headgroups engaged by the other Mla proteins.31 From our earlier identification 

of endogenously bound lipids, we know that MlaC binds diacyl lipids (Figure S5), and we found that MlaC 

also bound a GPL with only one acyl chain. However, MlaC did not bind lipids that had three or four acyl 

chains in exogenous lipid binding experiments (Figure 4b), an outcome congruent with prior reports of MlaC 

expressed in E. coli.26,27,31  Collectively these results suggests that Mla only transports mono and diacyl GPLs, 

not cardiolipin, in E. coli.  

 

Figure 4. Deconvoluted MS1 spectra obtained for solutions containing MlaC and one lipid.  The 
blue-shaded region corresponds to the apo protein, and the orange-shaded region corresponds 
to the MlaC•lipid complex. The structures of the lipids are shown based on (a) variation of head 
group  of each lipid and (b) variation of the number of acyl chains.    
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 To further discern differences in lipid binding preferences of MlaC, we used variable temperature ESI 

to monitor the change in the distribution of MlaC●lipid complexes as a function of solution temperature.  

Variable temperature ESI-MS is commonly used to evaluate thermodynamic parameters (based on van’t Hoff 

plots) or unfolding (based on charge state or collision cross section analysis) of protein complexes.  Variations 

in charge state distributions serve as a proxy for protein unfolding because as proteins unfold additional basic 

residues become accessible, increasing protonation.  For MlaC, lipid binding has relatively little impact on the 

average charge state (Δcharge < 0.2 between apo and holo MlaC) at temperatures ranging from 25-70 °C, 

and the lipid detaches at approximately 70 °C prior to protein aggregation (80 °C) (Figure 5). The similar 

charge state distributions and average charge states of MlaC and MlaC●lipid over a range of solution 

temperatures implies that lipid binding does not substantially stabilize the tertiary structure of MlaC and 

suggests that the conformation of MlaC does not change significantly upon lipid binding. Furthermore, the 

temperature-dependent charge state distributions of MlaC do not change as a function of the lipid, a trend 

illustrated in Figure 5b that exhibits little change in average charge state across a series of five endogenously 

bound lipids (Figure 5b). This trend further recapitulates that MlaC displays little lipid preference aside from 

the requirement for one or two acyl chains.  
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Figure 5. (a) MS1 spectra of solutions containing MlaC with endogenous lipids at 25, 65, and 80 
°C, and (b) average charge state of apo MlaC and MlaC•lipid (containing endogenously bound 
lipids) as a function of solution temperature.  Error bars represent standard deviation from three 
replicates.      
  

Conclusions: 

Using UVPD, we deciphered endogenously bound lipids to the Gram-negative bacteria lipid 

transporter protein MlaC expressed in different E.coli overexpression strains. MlaC produced in C43 strain, 

known for providing an increased yield of membrane proteins, primarily binds a cyclopropane-containing 

lipid. MlaC expressed in two other E. coli strains preferentially bound saturated lipids and lipids containing 

double bounds. We also show that collisional activation, commonly used to remove lipids and adducts 

from membrane proteins, caused the unfolding of MlaC prior to ejection of the lipid. Finally, we show that 

MlaC exhibits lipid binding preferences only based on acyl chain, as the protein binds a variety of 

exogenous lipids as long as the lipid has one to two acyl chains.  
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