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Abstract

Membrane proteins reside in lipid bilayers and are typically extracted from this environment for
study, which often compromises their integrity. Here we eject intact assemblies from membranes,
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without chemical disruption, and use mass spectrometry to define their composition. From £. coli
outer membranes, we identify a chaperone-porin association and lipid interactions in the beta-
barrel assembly machinery. Bridging inner and outer membranes we observe efflux pumps, and
from inner membranes a pentameric pore of TonB, and the protein-conducting channel Sec YEG,
in association with F{Fg ATP-synthase. Intact mitochondrial membranes from Bos faurus yield
respiratory complexes and fatty acid-bound dimers of the ADP/ATP transporter (ANT-1). These
results highlight the importance of native membrane environments for retaining small-molecule
binding, subunit interactions and associated chaperones of the membrane proteome.

Genes encoding membrane proteins comprise between 20-30% of the genome of all living
cells and perform critical processes ranging from mediating drug resistance in bacteria
through to the complex mitochondrial respiratory chain in humans. Recent developments in
structural biology, including high-resolution cryo-electron microscopy (EM), are uncovering
new structures and roles of membrane proteins (1). Often, subunit stoichiometry and lipid
binding properties of complexes extracted in detergent micelles has been controversial
prompting development of native mass spectrometry (nMS) methods. Now broadly accepted
for retaining the stoichiometry of soluble complexes (2) recent developments in nMS of
membrane proteins assemblies have not only uncovered subunit stoichiometries but have
also found roles for lipids in modulating structures (3, 4). To reveal stoichiometry and lipid
binding in the absence of detergents alternative nMS approaches have been developed,
including bicelles (5), amphipols (6), nanodiscs (7), and styrene maleic acid copolymer lipid
particles (SMALPs) (8). All these approaches require some chemical intervention and high
levels of protein expression, thereby restricting their use primarily to proteins of bacterial
origin. Here we overcome these limitations and show that we can obtain mass spectra for
protein assemblies ejected directly from native membranes of prokaryotic and eukaryotic
organisms and uncover many previously uncharacterized interactions in the process.

To develop this approach we first used membrane protein enriched extracellular vesicles
(MPEEVSs) overexpressing the Epithelial Fusion Failure protein 1 (EFF-1), reported to be
monomeric, or the Anchor Cell Fusion Failure protein 1 (AFF-1) with unknown
stoichiometry (9, 10). MPEEVs of both proteins from Syrian hamster BHK21 cultured cells
were prepared and characterised as described previously (9). The presence of either EFF-1
or AFF-1 increased the diversity of cardiolipins (CDL) as was confirmed by standard
approaches (fig. S1A and C). Subjecting these vesicles to sonication, to destabilize their
integrity (see Online Methods and fig. S2), and to high energy across a modified Orbitrap
MS (11), we released monomeric EFF-1 and intact dimeric AFF-1 directly from vesicles
(fig. S1B).

Having established the feasibility of our approach, we investigated its application to
additional native membranes. We separated outer and inner membranes of £. colivia a
sucrose gradient, prepared vesicles and used proteomics to identify membrane proteins (12)
(fig. S3). To interpret the mass spectra we developed and applied a protocol that takes into
account peak width, collision induced dissociation (CID) and accurate mass only accepting
solutions within = ~ 0.3 % of calculated masses (fig. S2 and Tables S1-3). Starting from the
low m/z range of the spectrum recorded for E. coli outer membranes we assigned BamC
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with a lipid anchor, a component of the beta barrel assembly machinery (BAM) (fig. 1A)
(13). Moving to higher m/z we assign DnaK, implicated previously in the assembly of outer
membrane porins (14) and confirmed via CID of a 143 kDa complex together with OmpA
(fig. S4). Previous reports that DnaK co-immunoprecipitates with full-length pro-OmpA, but
not with pro-OmpA(A3) (14), implied that sequences outside the p-barrel are required to
maintain accessibility of DnaK binding sites. Our measured mass (within 0.10 %) is
consistent with ADP-bound DnaK binding to proOmpA and associating with a second
OmpA, likely through the C-terminal dimerisation domain (15), to form
OmpA:proOmpA:DnaK:ADP (fig. 1B).

Turning to the high m/z region of the mass spectrum recorded for outer membranes, a
predominant series of peaks was assigned to BAM (13). Structural studies, following
detergent extraction and overexpression of all five subunits on a single plasmid yielded
primarily a 1:1:1:1:1 stoichiometry for Bam subunits (A-E) (13, 16, 17). From native
membranes however, a hexamer was ejected with a subunit composition of ABCD(E); (fig.
1A and D), a small population of this complex had been observed previously from
recombinant preparations (17). Since a domain swapped dimer was observed by x-ray
analysis of Bam E alone (18), and NMR solution studies were consistent with a population
of BamE dimers (19), we docked into Bam ABCD a BamE dimer and used MD simulation
to test its stability (20). The complex remained stable over 5 ps, following heating to 323 K,
consistent with its viability in the £. coli outer membrane lipid environment. A second series
was assigned to pentameric Bam ABCDE complex, its diffuse peaks consistent with binding
of up to three CDL molecules (fig. 1C and fig. S5). Preferential binding of
phosphatidylglycerol (PG) over CDL had been reported previously (19) prompting us to
explore lipid binding preferences of BamE using MD simulations (3 x 5 us) (fig. 1E and fig.
S6). Up to three CDL lipids made contact implying CDL attachment, through BamE, which
likely anchors the complex to a region of the membrane high in CDL and may contribute to
a membrane targeting mechanism.

Inner membrane vesicles prepared from E£. colirepresent a significant challenge as together
they contain a minimum of 42 different proteins (12) and yield complex spectra for
assignment (fig. S7). We used the heterogeneity of cofactor binding to first identify
cytochromes b0z and CydAB bd oxidase. Peaks corresponding to (CyoB),(CyoC){(CyoD)1,
with one or two HemeOs/HemeB factors and additional CDL binding (diffuse peaks) imply
that lipid binding stabilizes structures with the full-heme complement, supported by reduced
charge state (fig. 2A) and in-line with the proposed dimer association for cytochrome 603
from native membranes (21). Extensive peak splitting attributed to different Heme groups
(B558, B595) and ubiquinol helped identify the CydAB cytochrome bd oxidase complex
(fig. 2B and fig. S8). Both CydX and the paralogous small transmembrane protein AppX
have the potential to interact with the CydAB complex and have overlapping cellular
functions (22). From the native membrane we found that CydX and AppX were able to
interact simultaneously with CydAB to form a heterotetramer.

We next assigned, on the basis of mass, parts of the energy-transducing Ton complex located
within the inner membrane. In the inner membrane three integral membrane proteins reside:
ExbB, ExbD and TonB. From x-ray crystallography a second copy of ExbD was located
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within the pentameric ExbB pore (23) while from EM both hexameric and pentameric
assemblies were defined (24). Our results confirm the existence of only the pentameric pore
within the native membrane with measured charge states implying trapping of one ExbD
protomer within the compact globular complex (fig. 2B).

At the higher m/z region sub-assemblies of multidrug efflux pumps, including AcrAB-TolC
and the less well-characterised but related pump MdtABTolC (25), were uncovered spanning
both membranes (fig. 2C). For AcrAB-TolC all three inner membrane subunits (AcrB) are
preserved in mass spectra bound to the small subunit (AcrZ) discovered only recently,
thought to modulate substrate preference (26) and modelled into cryo-EM structures (27).
One copy of the outer membrane protein TolC is bridged by a single copy of the periplasmic
subunit AcrA to the inner membrane complex yielding AcrBs:AcrZ,:AcrA:TolC. In the case
of MdtABToIC dimeric MdtB remains assembled with (MdtA)3 and (TolC), in the outer
membrane (MdtB,MdtA3:TolC,). Since all three MdtA subunits remain attached they are
likely supported by dimeric MdtB in the inner membrane, consistent with the role of MdtC
in substrate binding (28) and not in supporting periplasmic subunits. AcrABZ-TolC has
undergone more extensive disassembly during the solution/sonication process than MdtAB-
TolC which remains largely intact with charge states (fig. S9) indicative of highly-charged
subunits from AcrABZ-TolC undergoing CID (29). The fact that both complexes survive at
least in part, however, points to new ways of studying the effects of antibiotics on the
assembly and conformational change of these multidrug resistance pumps.

We also observed peak splitting due to ATP/ADP binding, at the highest m/z values which,
together with dissociation of subunits with the mass of the c-subunit, is indicative of ATP
synthase (fig. 2C, figs. S10 and S11). Mass differences between populations were assigned
to binding of SecE, Y and G, consistent with SecYEG remaining in contact with the
F1FoATP synthase as reported previously for insertion of subunit a (30). We next considered
the stoichiometry of the Fq ring. Early reports had suggested a variable stoichiometry
depending upon metabolic conditions (31), our data are consistent with 12 ¢ subunits in the
Fo ring. We conclude therefore that in the native membrane interactions between FoF;
ATPase and SecYEG are maintained following insertion in the membrane, together with c-
subunits in Fg, which are either lost during detergent extraction (32) or filtered out in other
methods.

Observation of £. coli ATPase prompted us to consider inner mitochondrial membranes,
densely populated with protein complexes responsible for control of the proton gradient and
oxidative phosphorylation between the intermembrane space and the inner mitochondrial
matrix (33). Surprisingly inner mitochondrial membranes from Bos taurusyielded only a
single subunit of the ATPase (B) and no significant subassemblies of complex I (fig. 3A).
Other complexes in the respiratory chain that were observed include complex Il, monomeric
complex IV with lipid and cofactor occupancy (34) and dimeric complex I11, with seven core
subunits confirmed by dissociation of cytochrome b and UQCRB (fig. 3A and fig. S12).

Interestingly the most abundant protein in the mass spectrum of the inner mitochondrial
membrane was the adenine nucleotide translocase 1 (ANT-1) (fig. 3A). The stoichiometry of
ANT-1 has remained controversial with monomeric structures of ANT-1 and UCP2 solved
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by X-ray crystallography and NMR, and proposed to be functional (35-37). However, /n-
vivo and biochemical experiments were consistent with the functional unit of ANTs and
UCPs being dimeric (38), a proposal supported by short timescale by MD simulations (39).
MS of ANT-1 revealed that it is predominantly dimeric with low occupancy binding of a
number of saturated fatty acids (palmitate anions) indicative of a transport mechanism rather
than specific binding interaction (fig. 3A and S13). MD simulations in lipid bilayers showed
that within 10 ps tightly bound dimers formed only if CDL was present in the inner leaflet of
the membrane (fig. S14). Fatty acid binding was also observed with the palmitate head
group buried between two helices in each subunit (Y132 and F177) (fig. 3B, S14D and
movie S1). /n situbinding of multiple palmitate anions within the dimer ejected from the
native mitochondrial membrane provides direct evidence in support of the role of this fatty
acid in the control of uncoupling through ANT-1 transport (40).

Since complexes | and V were largely absent from spectra of inner mitochondrial
membranes we applied our protocol to intact mitochondria, without prior separation of inner
and outer membranes, reasoning that the outer membrane and non-inverted protein
orientation may protect complexes exposed during sonication. Resulting mass spectra again
revealed ANT-1 dimers bound to palmitate (fig. S13), but also in this case lipid bound sub-
assemblies of Complex | bound to its FMN cofactor and lipids, a Complex IV dimer (fig. 3C
and S15), together with intact Complex V bound to nucleotides.

The release of complexes | and V, only when protected by the outer membrane, prompts
consideration of the mechanism of direct ejection from native membranes. The three steps to
consider are (i) formation of vesicles (ii) sonication in ammonium acetate to disrupt vesicles
and (iii) mass spectrometry under high electric fields from -400 to -700 V. During the first
step vesicles are formed from membrane preparations with protein complexes in both
orientations. For purified inner mitochondrial membranes, we observe primarily inside-out
vesicles with ATPase Fq heads visible in cryo-EM images (fig. S16). We anticipate that
sonication may form defects in vesicles allowing ingress of the ammonium acetate buffer
used for electrospray. The third stage, in which high voltage is applied, favors expulsion of
complexes charged by the electrospray process and attracted by the high electric field.
Striking differences are observed between the two preparations from mitochondria. For inner
membranes we attribute the virtual absence of intact mitochondrial ATP synthase to
exposure to shearing forces during sonication. Similar arguments could be made for the non-
appearance of complex I from inner membranes; its exposed hydrophilic peripheral arm may
have sheared during sonication leaving the hydrophobic membrane embedded complex less
susceptible to charge. By contrast for intact mitochondria complexes | and V are ejected,
largely intact, supporting the hypothesis that exposure to shearing forces during sonication is
a key determinant in survival of complexes ejected from native membranes.

While full details of the mechanism of ejection from native membranes into vacuum are the
subject of ongoing research the data presented here establish a detergent and chemical free
MS approach that overcomes potential artefacts introduced by the use of these reagents. The
number of new interactions of membrane proteins uncovered, with lipids, chaperones and
cofactors in association, is testament to the stability endowed by the native membrane.
Significantly, access to the protein ensemble of different membrane compartments, at
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unparalleled mass resolution, will enable a new perspective on the effects of drugs and
disease associated mutations on target complexes within the context of their native
membrane environments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Mass spectra reveal the composition of complexes ejected directly from native membrane

environments.

One Sentence Summary
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Fig. 1. Protein complexes gj ected directly from E. coli outer membranes
A Mass spectrum recorded at 400 V assigned to BamC, DnaK, DnaK:OmpA:pro-OmpA,

and two states of the Bam complex with inset an outer membrane vesicle with complexes
observed. B Model of the OmpA dimer (15) with the hydrophobic pro-sequence (red) a
potential binding site for DnaK. C Expansion of the mass spectrum assigned to the Bam
complex with monomeric BamE (Bam ABCDE) binding to one, two and three cardiolipins
(grey, green, yellow respectively). D Atomic structure of BamE dimer (PDB: 2YH9) (orange
and blue) docked into the Bam complex (PDB: 5D00) with BamE monomer removed. E
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MD simulations of the BamABCDE complex (cyan) with monomeric BamE (orange) and
two (Ihs) and three (rhs) CDL molecules (red).
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with the SecY EG translocon.

A and B Expanded regions of the spectrum assigned to the cytochromes b0z and
cytochrome bd oxidase showing peak splitting due to binding of quinol and heme groups
(fig. S8). The pentameric ExbB complex, with one copy of ExbD located in the center of the
pore, forming part of the TonB complex is also observed (yellow). C High m/z region of the
mass spectrum assigned to multidrug efflux pumps AcrAB and MdtAB and the intact ATP
synthase. Expansion of the peaks assigned to the ATPase reveals binding of SecY (blue)
SecYG (green) and SecYEG (orange) charge states 52+, 53+ and 54+ shown schematically.
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Fig. 3. Intact Mitochondria and inner membranesyield complexes|, |11, 1V and V aswell asthe

adenine nucleotide translocator 1 (Antl) with palmitatetransport through the dimer interface.
A Mass spectrum of bovine mitochondrial inner membranes recorded at 600 V reveals the

ANT-1 dimer, complexes Il and 1V, as well as aconitase. The left inset, recorded at 400 V,
shows an expanded view of the spectrum at 4100 to 4300 m/z revealing multiple palmitate
anions bounds to the dimer of ANT-1. The right inset shows an expansion of the boxed area
in the main panel. B Depiction of the protein assemblies ejected from sonicated
mitochondrial inner membranes. Subunits shown in gray have dissociated. C MD simulation
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of ANT-1 after 2.1, 2.5, and 2.6 ps (left to right) in an asymmetric membrane containing
phosphatidylcholine (PC), phosphatidylethanolamine (PE), and CDL (only in the matrix
leaflet). The protein surface is colored according to the three pseudo-repeats (R1, yellow;
R2, green; R3, cyan), and the charged palmitate headgroup (magenta) is buried between
helices three and four. D Complexes I, 11, 1V, and V are expelled from intact mitochondria.
Intact complex V is observed with associated nucleotides, together with a dimer of complex
IV (fig. S15) and partial assemblies of complex | (the charge state of the subassembly
lacking NUFS3 is z = 56+), in the absence of the catalytic core, bound to FMN. Inset
schematics represent assigned membrane complexes, color coded according to labels on the
peaks. E Depiction of the protein assemblies ejected from sonicated intact mitochondrial
membranes color coded according to the labels on the peaks. Gray subunits were not
observed.
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