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Abstract

That membrane protein complexes could survive in the gas phase had always seemed impossible.
The lack of chargeable residues, high hydrophobicity, poor solubility and the vast excess of
detergent contributed to the view that it would not be possible to obtain mass spectra of intact
membrane complexes. With the recent success in recording mass spectra of these complexes, first
from recombinant sources and later from the cellular environment, many surprising properties of
these gas phase membrane complexes have been revealed. The first of these was that the
interactions between membrane and soluble subunits could survive in vacuum, without detergent
molecules adhering to the complex. The second unexpected feature was that their hydrophobicity,
and consequently lower charge state, did not preclude ionization. The final surprising finding was
that these gas phase membrane complexes carry with them lipids, bounds specifically in subunit
interfaces. This provides us with an opportunity to distinguish annular lipids that surround the
membrane complexes, from structural lipids that have a role in maintaining structure and subunit
interactions. In this review we track these developments and suggest explanations for the various
discoveries made during this research.

Introduction

The electrospray MS of individual proteins was first described in 1989 1. More than two
decades later, and after many intact soluble complexes have been transmitted into the gas
phase 2 34 it has finally become possible to ‘fly’ an intact membrane embedded motor 5.
Given the very high concentrations of detergent necessary to maintain the solubility of these
complexes, and the hydrophobic nature of the interactions between membrane subunits, such
an observation had seemed unattainable. Two ionization methods have been successfully
employed for the MS of intact membrane complexes: electrospray (ES) and laser-induced
liquid bead ion desorption (LILBID). In this review we trace the developments that have
made application of these two techniques possible and show how studying intact rotary
motors in the gas phase, using either LILBID or ES, is shedding new light on subunit
stoichiometry in membrane complexes. In the case of ES, it has also been possible to
demonstrate specific lipid binding. We discuss the implications of this finding and show
how this information led to proposals for the regulation and control of the membrane
embedded complexes in two different rotary motors °.
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The challenge of membrane proteins

In their native state membrane proteins are embedded in a lipid bilayer, which shields the
transmembrane subunits from water. For a solvated membrane protein the role of the bulk
membrane lipids has to be replaced by detergents, which are added at relatively high
concentrations to the buffer solution to form micelles. While high concentrations of
detergent can be tolerated in the LILBID approach, from an ES MS viewpoint the presence
of detergent leads to suppression of the membrane protein spectrum 8. In addition, poor
solubility of membrane proteins, the lack of charged residues and the hydrophobic nature of
the interactions between membrane subunits, had long been assumed to make membrane
complexes unsuitable for investigation by ES. The detergent background necessitates the use
of high activation in the gas phase to obtain well-resolved charge states for the protein
complex. An additional impediment for resolution was the possibility of multiple lipids
adhering tightly to the protein complex. These lipid-binding properties were for example
cited as a reason for the absence of the tetrameric state in initial attempts to obtain mass
spectra of the intact of the K+ channel KcsA 7. The harsh MS conditions that were necessary
to strip lipids and detergents resulted in observation of dissociated KcsA subunits only.

First steps — transmembrane peptides and peripheral proteins

Given these results for protein assemblies, it was necessary to step back and to start with
simple transmembrane peptides. Results from these studies were encouraging. Mass spectra,
combined with hydrogen exchange methods, indicated that folded peptide backbone could
be preserved in the gas phase8: 2. These prompted further experiments to investigate the lipid
environment surrounding a single transmembrane helix. Using UV activation of a
photoactivatable cross-linker, neighbouring lipids were cross-linked to a model
transmembrane peptide and identified by MS 10, Interestingly the anticipated molecular
sorting of the lipids around the peptide, based on hydrophobic matching, was not observed.
These results imply that hydrophobic matching is more likely to be associated with
increased rigidity of multispanning proteins, as opposed to the single transmembrane helix
(TMH) that was investigated.

While it was possible to obtain ES spectra of transmembrane peptides®: 9, at this stage it
seemed that the goal of obtaining well-resolved mass spectra of integral membrane protein
complexes would be compromised by the presence of tightly bound lipids and excess
detergent. We therefore selected a peripheral membrane protein, apo lipoprotein C-11, a
phospholipid binding protein that binds on the surface of plasma lipoproteins 11. We first
examined interactions between phospholipids in the absence of apo lipoprotein C-11 12,
demonstrating that it was possible to maintain clusters with = 80 phospholipids. Interactions
between the protein and phospholipids however were restricted to between 5 and 10 lipid
molecules. Interestingly we noted that in a suspension of two different phospholipids
without protein, lipids with the same headgroup self-associated rather than forming mixed
aggregates 12, When apo lipoprotein C-11 was added to this mixed lipid environment
however, self-association was perturbed, in favour of a statistical distribution of lipids bound
to apo lipoprotein C-11. This re-distribution indicated that lipid interactions with apo
lipoprotein C-11 are dominant, prompting the conclusion that the protein is capable of
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remodelling the lipid environment. This was an encouraging result since it implied that MS
could be used to investigate specific protein lipid interactions, in the absence of crosslinking,
at least for peripheral membrane proteins.

First mass spectra of integral membrane proteins reveal interfacial lipid

binding

First attempts to investigate integral membrane protein complexes focussed on the multidrug
transporter EmrE. Electron cryomicroscopy of 2D crystals of this protein had shown that it
forms an asymmetric dimer with eight transmembrane helices (TMH) forming a drug-
binding pocket for one substrate molecule near the centre 13. Crystals of EmrE were formed
in the presence of the substrate TPP* since addition of the ligand produced more ordered
crystals than the protein alone. The drug transport mechanism was rationalised by binding of
the substrate to the binding pocket, a conformational change of the dimer, which opens the
binding chamber to the periplasm. This is followed by binding of one proton, displacing the
substrate and of a second which induces a conformational change back to the original
position. The role of lipids in this mechanism and their specific binding could not be
assessed at the 7 A resolution obtained in this study.

Since there was excellent evidence for the dimeric form of EmrE and given its relatively
small size we reasoned that the dimensions of the associated detergent micelle would also be
relatively minor 14 and consequently the ratio of detergent to protein could be favourable for
ES. We introduced this protein into the gas phase with the ligand (TPP*), used to obtain
ordered crystals, and removed large proportions of the detergent from the solution prior to
analysis 15, We hypothesised that two dissociation pathways were possible (figure 1).
Pathway [1] in which the micelle complex dissociates upon activation in the gas phase and
interactions between the protein subunits are lost. Alternatively pathway [2], the optimal
process for investigation with MS, would involve activation only of the micelle in the gas
phase, enabling the subunit interactions within the protein complex to be retained.

Our first mass spectra of the EmrE complex from a DDM-containing buffered solution
revealed large, heterogeneous gas phase detergent aggregates, the sizes of which were
highly dependent on the pressure and accelerating voltages within the mass spectrometer
(Figure 1 (i)). This occurred in spite of our attempts to remove detergent in solution. These
early mass spectra of protein micelle complexes did not reveal charge states for the protein.
Rather the presence of the very broad distribution of detergent and detergent-protein
aggregates masked the protein peaks. A tandem MS procedure was used to isolate a narrow
m/z region of this broad peak, releasing individual protein subunits as well as the TPP*
ligand and clusters of DDM molecules (Figure 1 (ii)). These spectra demonstrated the
feasibility for screening ligands, released in mass spectra. Under these conditions however
interactions between protein subunits, small molecules and lipids did not survive. This
absence of subunit interactions in mass spectra was attributed to the conditions that were
necessary to break up the detergent aggregates during collisional activation.

An additional reason for the lack of success in maintaining subunit interactions in EmrE we
attribute to the fact that the dimer is relatively weakly associated. In the membrane the EmrE
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subunit interactions are likely held in place, at least in part, by the lateral forces of the
membrane and specific interactions with surrounding lipids. Extraction from the membrane
with detergents, and subsequent removal of detergent prior to analysis, will destroy the
protective micelles around the complex and weaken the interactions between the subunits.
These subunit interactions are therefore most likely lost in the solution state, before the
complex is introduced into the mass spectrometer.

Searching for a system in which protein interactions would likely be more stable in solution
and gas phases than the simple EmrE dimer we turned our attention to the multidrug
resistance pump Tol C (150 kDa). In this case there is a much larger interaction surface
between the three Tol C protomers which form a continuous, solvent-accessible conduit over
140 A long that spans both the outer membrane and periplasmic space 6. Moreover
approximately 70% of this complex is outside the membrane and is soluble. These structural
properties imply that there would be sufficient charged amino acids to form electrostatic
interactions to complement and strengthen the predominantly hydrophobic interactions in
the membrane embedded region. Excess octylglucoside detergent was removed prior to
analysis. The resulting mass spectrum gave rise to broad peaks consistent with both the
trimeric and monomeric forms of the complex. Resolution of these peaks however and the
intensity of the membrane complex was relatively low (figure 2 upper spectrum). The fact
that the trimeric state was visible however gave us confidence that membrane protein
complexes could survive. It seemed as this time, however, that this might only be possible if
the majority of the protein is located outside the membrane.

In parallel to our investigations and using a similar strategy the ES mass spectrum of rat
microsomal glutathione transferase-1 (MGST1) was reported 17. The complex was stabilised
by the addition of the substrate glutathione (GSH) prior to analysis. Weak peaks were
discerned for a trimeric form of the complex as well as a monomer and dimer after
introduction from a triton-containing buffered solution 17. Evidence of non-covalent binding
of one GSH molecule to the trimer was in accord with the proposed active form of the
enzyme being homotrimeric. Lipid binding however was not observed under the MS
conditions used at this time for Tol C and EmrE..

Many additional membrane complexes that were attempted could not be detected with
sufficient resolution, or were not observed in one stable form. As such it was difficult to
define unambiguously their oligomeric state. In order to develop a more reliable method we
needed a better understanding of the properties of detergent micelles and their interaction
with proteins in the gas phase.

Properties of a ‘gas phase micelle’

A typical detergent micelle in aqueous solution forms an aggregate (for DDM on average ~
100 DDM molecules 18) with the hydrophilic “head” regions of each detergent molecule in
contact with the aqueous solution, sequestering the hydrophobic tail regions in the centre of
the micelle. In a protein micelle complex the size of the micelle is larger than an empty
detergent micelle 19 but the detergents have a similar arrangement, protecting the
hydrophobic areas of the protein with the hydrophobic tails of the detergent alkyl chains.
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Such an environment, while capable of mimicking the hydrophobic milieu of the membrane
in solution, has little or no meaning in the gas phase. The stabilising effects possessed by a
detergent micelle in an aqueous solution are rapidly lost during evaporation. The high local
concentration of detergent that exists following evaporation promotes formation of detergent
aggregates, which hamper the analysis of protein complexes.

We began a systematic study of the properties of detergent micelles, guided by early
successes with non-ionic detergents that had been shown to be suitable for study in the gas
phase 20 for individual denatured proteins 2! and folded peptides . We selected first the
CTAB detergent since it forms both normal and reverse micelles as a function of the
solution conditions 22, This study demonstrated that many 100s of molecules associate to
form gas phase detergent aggregates. Interestingly however we observed that these
aggregates, as well as a series formed from the N-TAB series of detergents 23, were unable
to attain the charge states predicted by their surface area, presumably due to their instability
at higher charges. Protein complexes, by contrast, remain stable with more charges than
detergent aggregates 22 23. Varying independently the effects of charge and alky! chain
length, and monitoring survival in the gas phase, showed that detergent aggregates with
longer chains could be disrupted in the gas phase more readily than their shorter chain
counterparts 23. This is contrary to solution behaviour 24. This implies therefore that long-
chained detergents, whose stability was compromised in the gas phase, might enable protein
complexes to escape detergent micelles more readily than their shorter chain counterparts.
Consequently the longer alkyl chain non-ionic detergent, dodecylmaltoside, would be a
better candidate for release of a membrane complex in the gas phase than its hexylmaltoside
analogue.

Membrane protein complexes at last

Having optimised the detergent and MS conditions to produce micelles that were only
marginally stable in the gas phase we attempted to release a protein complex from a
detergent micelle. We reasoned that the real test for survival of a membrane protein complex
would be the preservation of interactions between membrane and soluble subunits in a single
well-defined stoichiometry. For this reason the BtuC,D- heterotetramer was selected. This
vitamin B12transporter was crystallised as a tetramer containing two transmembrane (BtuC)
and two soluble (BtuD) subunits 25. After introduction of BtuC,D, in a solution containing
DDM above the CMC, mass spectra revealed that the complex could be released from the
micelle and all interactions between subunits in the heterotetramer could be preserved intact
in the gas phase 26. This was an exciting result since, although the stoichiometry was well
established, this was the first example of a heteromeric complex in the gas phase, its 2:2
subunit stoichiometry following ES, ruling out the possibility of non-specific associations.
Moreover its trimeric dissociation products, formed above the m/z value of the tetramer,
provided further confirmation of the intact tetramer as the predominant gas phase complex.
The resolution that was achieved in the mass spectrum also enabled observation of the
cooperative binding of nucleotides and the identification of post-translational modification
of subunits within the complex.
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A comparable proof of principle for the mass spectrometric analysis of membrane proteins
with DDM above the CMC was achieved for the bcl complex and the cytochrome c oxidase
from the respiratory chain using (LILBID) 27. The composition of both complexes was
confirmed as hetero trimer and hetero tetramer respectively, again ruling out any possibility
of protein aggregation. In the case of the bcl complex, dimeric as well as higher oligomeric
structures 28 had been reported previously. The oligomerisation state of the bcl complex
observed with LILBID was that of a tetramer, supporting the dimer of dimers as the active
state of this complex.

Specific lipid binding - interfacial lipids?

With this new strategy of maintaining detergent concentrations well above the CMC we
returned to the ES MS of the two complexes reported above (EmrE and Tol C) applying ES
to these protein micelle solutions (Figs 1 and 2). For EmrE a clear dimeric form of the
complex was liberated using higher collision energies than had been employed previously
(Figure 1 (iv)). Comparing the spectra obtained under these different conditions is quite
revealing. At low detergent concentrations the monomer is observed with 6+ charges,
presumably the protein is monomeric in solution due to the absence of the micelle. The
monomeric protein subunits then dissociate from the gas phase detergent aggregate
following tandem MS. In contrast in solution conditions where detergent is above the CMC,
a spectrum showing a 4+ monomer and an 8+ dimer was recorded. The conservation of
charge between the monomeric and dimeric forms (2x4+) is consistent with a predominantly
hydrophobic interaction 22, This is in contrast to the many instances observed in soluble
complexes where charges are buried in subunit interfaces upon complex formation, leading
to a lower overall charge than would be obtained from the sum of the charges on the
component subunits 3% 31, For Tol C, introduced from a detergent micelle in solution, only
the trimeric state was observed (figure 2 lower spectrum) and the average charge state was
considerably reduced compared to the spectrum recorded previously. Not only was the
oligomeric state now unambiguous, the resolution that could be obtained under these
optimised conditions, revealed binding of up to two lipid molecules.

Having maintained these complexes intact with sufficient resolution to explore small
molecule binding, this ES approach was applied to targets in advance of their X-ray
structures. MexB and LmrCD, which were found to be trimeric and heterodimeric
respectively 29, and MacB was identified as dimeric 32. In all cases only one stoichiometry
was apparent and the mass spectra of all three complexes revealed specific lipid binding.
While it was not possible to determine directly whether or not these were annular lipids or
interfacial lipids between subunits, the fact that they were present only when higher
oligomers were observed, and not bound to the isolated subunits, strongly implies binding
within subunit interfaces.

Interestingly while a plot of the surface area for soluble complexes against their average
charge states is highly correlated the same relationship does not adhere for membrane
complexes (Figure 3). To understand the origin of this difference we first need to consider
the electrospray process itself. While the correlation between charge state and surface area is
the subject of much ongoing research 33 it is generally accepted that the charge states in the
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mass spectrum are defined during the final stages of the electrospray process. It could be
envisioned therefore that the accessible surface area should include the area of the detergent
micelle (upper row of structures and (i) for LmrA). A plot of the surface area of a protein
micelle complex against the average charge state highlights a significant deviation from the
relationship determined for soluble complexes (blue line).

Interestingly there is some variability in the plot consistent with a difference in the size of
micelle. This likely arises due to the variability in the sizes of micelles that form from the
detergents used to obtain the mass spectra (either dodecyl maltoside, decyl maltoside,
neopentyl glycol etc calculated using the program Packmol {Martinez, 2009 #2678}). Since
the micelle increases the surface area without affecting the charge states, as discussed above
for nTAB micelles in the gas phase, we then considered the relationship between the total
surface area of the intact protein complex without the micelle (red line, structure (ii) for
LmrA). The reduction in surface area caused by removal of the micelle led to a closer
correlation with the established relationship for globular proteins but a significant deviation
persisted. Next we considered the possibility that the micelle might be shielding the
membrane regions of the complex from charging during electrospray. We therefore
computed the surface area of the complex after subtraction of the regions protected by the
micelle (lower row of structures and (iii) for LmrA). This plot is closer to that deduced for
soluble complexes but an offset remains (green line). Finally we investigated subtraction of
the entire membrane spanning regions (LmrA structure (iv)) and calculated the surface area
of only the soluble regions of the complex. This plot leads to a very close agreement with
the correlation between surface area and charge observed for soluble complexes (purple
line). This close agreement between the complexes with ‘“membrane regions subtracted’ and
soluble complexes implies that basic residues in transmembrane helices are not charged.

The most likely location of protonated sites was deduced from the total number of basic
residues in the membrane and soluble proteins using MD simulations in vacuum. The
number of charges, determined from mass spectra, was assigned to the protonation sites that
maintained the most stable structures. Considering the charges that remain when these
assignments are made we find that for six complexes none of the basic sites within the
membrane are charged (table 1). For two trimeric complexes (MexB and MtrE) one basic
site is charged per protomer. That only a very small subset of these residues is charged in the
membrane regions is attributed to the fact that these sites are occluded in the tertiary
structural fold. These observations imply therefore that the micelle fulfils its critical role in
maintaining solubility of the transmembrane and soluble portions rather than shielding of
basic sites during electrospray ionization.

First spectra of membrane motors — evidence for lipid plugs and lipid

binding between subunits

Inspired by these successes with small oligomers and heterotetramers we turned our
attention to perhaps our ultimate challenge to date - that of an intact membrane embedded
motor. These large rotary ATPases/synthases consist of a soluble complex (the head) as well
as a membrane embedded base (rotor). The number of subunits composing the membrane
rotor determines the H* (Na*) /ATP ratio for ATP production / consumption. The rotor
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stoichiometry varies from species to species and has been subject of a number of
investigations34: 35 36_ |t was not clear however whether these large complexes would
survive in the gas phase, let alone be released from the micelle in such a way that it would
be possible to determine their subunit stoichiometry or lipid binding properties.

Focussing first on the membrane rotors the determination of subunit stoichiometries for a
number of F-type ATPases was achieved using LILBID MS 37. An interesting case was the
anaerobic, acetogenic bacterium Acetobacterium woodii 38 which encodes two types of ring
subunits: two identical bacterial FO-like ¢ subunits ¢, and c3 with two TMHs, and an
eukaryal V-like (cq) with four TMHSs and only one binding site. Electron microscopy of 2D
crystals showed the ring to be constructed of 22 TMH. It was not clear however, if both
subunits were incorporated into the ring, or if different growth conditions influence the
stoichiometry and consequently the Na*/ATP ratio. An unambiguous stoichiometry of c;:
cys3 0f 1: 9 was deduced independent of the growth medium, excluding the possibility of
carbon source-dependent variation. This was the first demonstration of a Fo-Vg hybrid
motor, providing 10 ion-binding sites on a 22 TMH ring. While the peaks in the LILBID
mass spectra are consistent with lipid binding, the resolution on the prototype
instrumentation was not sufficient to define this unambiguously.

Turning our attention to the first electrospray mass spectrometry of rotary ATPases it
became clear that the activation energy used to transmit soluble complexes are not suitable
for obtaining mass spectra of an intact rotary ATPase. Comparing the electrospray mass
spectra recorded under similar conditions, the GroEL 14-mer spectra are well-resolved while
that of the ATPase from Thermus thermophilus cannot be discerned from the detergent
aggregates (Figure 4). Increasing internal energy effects the gas phase dissociation of the
GroEL 14-mer to form 13-mers and monomers (middle panel). By contrast the spectrum of
the ATPase under these conditions reveals peaks for the soluble head and its dissociation
products, as well as broad peaks for the membrane embedded rotor. Interestingly there are
no peaks for the intact ATPase under these conditions. Further increase in the activation
energy results in the disruption all of the GroEL 14-mer, only stripped complexes and
monomeric subunits remain (lower panel). By contrast these conditions yield an excellent
spectrum of the ATPase with no detergent adhering to the intact complex or membrane rotor
and with very little dissociation of the intact 29-subunit ATPase.

Two V-type ATPases from Thermus thermophilus (TtATPase) and Enterococcus hirae
(EhATPase) were particularly interesting targets for ES since both had not been
characterised fully and there are as yet no X-ray structures for the entire complexes 39 40,
We were interested to know if it would be possible to observe lipid binding to these
membrane complexes, particularly since there was previous evidence for lipid plugs in
rotary ATPases from both atomic force microscopy (AFM) 41 and X-ray crystallography 3.
For the rotor cylinder of the ATP synthase from Ilyobacter tartaricus AFM had been used to
image the central cavity and a central plug was observed protruding from one side of the
ring #1. Upon incubation with phospholipase C, the plug disappeared, but the appearance of
the surrounding c subunit oligomer was not affected, indicating that the plug consists of
phospholipids. The high resolution X-ray structure of the K ring from E. hirae also revealed
density in the central cavity that was assigned to lipids 6. In this case 20 molecules of the
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most prevalent lipid with Cqg side chains (10 1,2-dipalmitoyl-phosphatidylglycerol and 10
1,2-dipalmitoyl-glycerol moieties) were modeled into the cavity.

Despite the high level of detergent necessary to retain solubility of this complex the mass
spectrum of TtATPase is remarkably well resolved under the right MS conditions.(figure 4
lower). Particularly surprising was the observation of the L subunits, in complex with
subunits I and C, 12 of which form the membrane ring of this nanomotor ICL1,. Careful
measurement of this complex using the program Massign 42 revealed a mass consistent with
binding of six lipids and one nucleotide. Tandem mass spectra of subcomplexes containing
this membrane ring revealed that multiple lipids were attached. These lipids were identified
in subsequent experiments as phosphatidylethanolamine. Interestingly however not all
subunits were observed with bound lipids. There were two populations of L subunits one
with lipids and one without. This suggested two different lipid-binding environments. One
way to account for such an observation is formation of L-dimers in the membrane rotor,
occluding six lipid-binding sites between subunits in a six-fold symmetric ring. This binding
of six lipids was consistent with the mass of six lipids in the intact ICL;, complex and with
six-fold symmetry of the membrane rotor ring suggested by an early EM study of the
TtATPase 43 (Figure 5). This was interesting from a functional viewpoint since all V-type
ATPases characterised to date have four TMHs per subunit while all F-type ATP synthases
membrane subunits have only two TMHSs. Specific lipid binding to six of the twelve
subunits, to form six proteolipid dimers, each with four TMH, could therefore switch the
function of this motor between synthesis and pumping.

In addition to the observation of six lipid binding sites we also found changes in subunit
interactions in response to various external stimuli. Unexpectedly in high pH or low ATP
concentrations we also observed more ready dissociation of subunit I. This at first was
puzzling since regulatory mechanisms designed to close the proton channel in the separated
Vo complex had evoked the theory of a tightening of this membrane channel and hence an
increase in interactions between subunit | and the membrane rotor 44. Clearly this was not
observed. An investigation of this complex by ion mobility MS, a method that reports on the
collision cross section of protein complexes 4° 46, revealed conformational heterogeneity as
evidenced by the broad arrival time distributions °. A rational consistent with this data is
therefore that subunit | senses the nucleotide environment and moves away from the
channel, allowing lipids in the membrane to move in to seal the gap created by this
movement. This would ensure that the proton gradient, established at the expense of ATP
consumption, is preserved if ATP concentrations in cells are depleted. As a further response
to nucleotide concentration we noted in tandem MS that different dissociation pathways
were possible from the soluble head complex. In the presence of ATP sequential loss of first
subunit F and then D was observed. In the absence of ATP, or when ADP concentrations are
high, concomitant loss of subunits F or D is observed. This latter scenario is consistent
therefore with direct interactions between subunit F and the soluble head upon ATP
depletion and further implies that F prevents free rotation of the head by a direct interaction.
This observation allows us to propose a second regulatory mechanism in which free rotation
of the head is prevented and ATP concentrations are therefore conserved.
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Very recently a high resolution EM structure of the TtATPase was published, revealing a
detailed model the membrane region 4. In comparison with our model, produced by
homology modelling, EM and constrained by ion mobility ° close agreement is found.
Particularly interesting however was the fact that the ring did not show the six-fold
symmetry observed in earlier EM studies 43. These recent results, together with our six lipid
binding sites and earlier EM study, are consistent with the TtATPase being isolated in two
different conformations: the six-fold symmetric state primed for pumping seen in our study,
and the 12-fold state operating as an ATP synthase seen in the recent EM data 47. The
observation of these two different states is consistent with the established dual function of
this rotary ATPase which acts either to synthesise ATP or to pump protons 48,

One of the powerful features of using MS to define these molecular motors is the possibility
to link quantitatively the ratio of proteins to lipids via quantitative proteomics and
lipidomics. Such experiments revealed the ratio of protein to lipid to be 1: 0.5 + 0.1 and 1:
1.2 £ 0.1 in the case of TtATPase and EhATPase respectively. Ten binding sites for
cardiolipins were consistent with the mass of the lipid plug and at least four different
cardiolipins were identified within this plug. These cardiolipins most likely bind to the
EhATPase in the central cavity allowing a significant reduction in the orifice of the rotor
enabling it to grip the central shaft through these lipid ‘brushes’ (Figure 5). For the
TtATPase, by contrast, the ratio of protein to lipid was consistent with substoichiometric
binding determined from the intact membrane complexes, confirming the ratio of one lipid
per L subunit dimer and the rotation of this dimer within the ring to form a six-fold
symmetric state. Interestingly these very different lipid binding patterns reduce the central
orifice of the membrane rotor to closely similar values (38 or 39 A), consistent with the
adaptation of both membrane rotors to bind to subunit C which is conserved (Figure 5).

Future perspectives

Ever since the first X-ray structures of the voltage-dependent K* channels 4° the role of
lipids have both fascinated and intrigued structural biologists °C. It has now become clear
that many channels require the presence of lipids for function and stability 1. One of the
unexpected outcomes of our MS research has been the finding that specific lipid binding to
membrane protein complexes is preserved in the gas phase. At the outset we had thought
that all lipids would be removed, either by the detergent or in the gas phase, and if this were
not the case well-resolved mass spectra would not result. The fact that specific binding lipids
can be retained in defined stoichiometries, offers new insights into their effects on structure
and stability. The very different lipid binding patterns observed for the two rotary ATPases
examined here, and their unexpected preservation in mass spectra, suggests a rich avenue for
research into the role of lipid binding in modulating the structure and function of membrane
protein complexes.

From the first steps to the eventual flight of membrane complexes it has been difficult to
predict the outcomes of this research. Prior to our first successes with membrane complexes
it had seemed that such experiments would not be possible. We are however now in a
position to move forward using the power of mass spectrometry to identify protein subunits
and bound lipids simultaneously, both quantitatively and structurally, and to define more of
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the natural membrane environment by judicious choice of detergent and tailoring of
extraction procedures. Of particular interest is the possibility of defining drug and lipid
binding and combining both aspects to establish synergies between small molecule binding
events. MS has already played a major role in defining post-translational modifications in
individual proteins and is making further headway in defining their effects on interactions in
soluble complexes 2. Employing these approaches to membrane complexes suggests the
possibility of unravelling their effects, not only on subunit interactions but also on the role
of specific lipid and nucleotide binding sites.
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Figure 1.
Two possible dissociation pathways ([1] and [2]) of a hypothetical dimeric protein

consisting of four transmembrane helices per subunit (blue) and a cytoplasmic subunit (red)
in a detergent micelle (green). If the detergent concentration is depleted, activation removes
detergent and disrupts subunit interactions - pathway [1] is followed. Mass spectra are
shown for the membrane protein EmrE. When detergent was depleted from solution
containing EmrE, prior to analysis, a broad heterogeneous distribution of detergent
aggregates is formed (i). After tandem MS of a defined nm/zrange (blue line (i)) detergent
ions, ligand (TPP*) monomeric EmrE are observed (ii). If the detergent concentration is
maintained above the CMC, and activated once in the gas phase (pathway [2]), not only is
the quality of the spectra much improved (iii) but subunit interactions can also be
maintained (iv). This spectrum of dimeric EmrE (iv) reveals lipid binding and PTMS (N-
formyl methionine). Blue lines represent the statistical incorporation of modified and wild
type subunits and are compared with data in the +7 and +9 charge states. Binding of one or
two lipids is clearly observed for the protein dimer, but not for the monomer, implying that
the conditions employed to preserve subunit interactions also preserve lipid binding.
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Figure2.
Tol C was selected for study since only 30% of the protein chain is embedded in the

membrane. Using a protocol whereby we buffer exchanged the octylglucoside detergent
micelle into 1M ammonium acetate solution only a low proportion of the complex survived
in the gas phase (upper panel). Considerable dissociation to the monomer was observed and
very broad peaks for the trimer, presumably since detergent adhered to the protein subunits.
By contrast, when Tol C was introduced from a DDM detergent micelle above the CMC,
and when the appropriate MS conditions are employed, a well-resolved trimer is observed
with one and two lipid molecules bound (purple and blue symbols).
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Figure 3.
Plot of the solvent accessible surface area of various membrane protein complexes and their

average charge states and comparison with the analogous plot for soluble complexes (black
line). Comparing the surface area of the protein micelle complexes (upper row of structures
and (i) for LmrA) with the average charge state shows a deviation from the soluble
complexes consistent with the contribution of the micelle to the surface area (blue line). The
size and location of the micelle was calculated using the program Packmol 23. Computing
the surface area of the intact protein complex without the micelle, leads to a reduction in the
surface area and consequently a shift to the left (red line and structure (ii) LmrA). By
subtracting the area that is protected by the micelle a closer agreement to the relationship for
soluble complexes is reached (green line, lower row of structure and (iii) for LmrA). By
subtracting the entire membrane spanning regions (purple line, (iv) for LmrA) and
calculating the surface area of only the soluble regions of the complex, the resulting plot is
virtually indistinguishable to that obtained for soluble complexes. This highlights the fact
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that the membrane regions are not charged and therefore the micelle does not protect the
complex from charging. Rather the charge distribution of membrane containing complexes
is solely dependent on the accessible surface areas of the soluble portions.
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Figure 4.

Differences in behaviour of soluble and membrane complexes in the gas phase of the mass
spectrometer. Mass spectra of GroEL, a soluble 14-mer (left) and the Thermus thermophilus
ATPase, with a membrane-embedded rotor (right) under conditions of increasing activation
energy. Under the lowest energy conditions (top) GroEL gives rise to a well- resolved mass
spectrum, while that of the TtATPase is masked by a wide distribution of detergent
aggregates. Higher activation leads to gas phase dissociation of GroEL subunits, and in the
case of the ATPase, disruption of the detergent aggregates and the stripping of detergent

molecules from the complex

(middle). Above the detergent background, soluble

subcomplexes of the ATPase head are observed. These subcomplexes are less likely to
adhere to the detergent molecules. At the highest activation energies accessed, no peaks
assigned to intact GroEL 14-mer remain. These conditions are however optimal for the
investigation of the intact ATPase, the complex being stripped of detergent and having only
one major dissociation product.
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Figureb.
Very different lipid binding patterns are observed for the two rotary ATPases examined

here. In the case of TtATPase the dimensions across the widest part of the ring measured
from a homology model of the L1, ring in which six L dimers are formed is 39 A (based on
the evolutionarily related prokaryotic E. hirae K subunit PDB ID: 2BL2). Lipid binding
between subunit dimers is supported by quantitative lipidomics, the mass of the intact
membrane complex and the observation of two populations of membrane subunits, one with
tightly bound lipids and the other in its apo form. For EhATPase the large dimensions of the
ring, 54 A from the X-ray structure of the Ky ring 36, and the observation of 10 cardiolipins
in complex with the ring, together with measurements from quantitative lipidomics, are
consistent with stoichiometric binding of one lipid per K subunit. This leads to a model in
which 10 cardiolipins bind to the membrane ring, adapting the central cavity for efficient
rotation of the C subunit by reducing the orifice to 38 A, very similar to that modelled for
the six fold symmetric ring of TtATPase (39 A).
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The total number of basic charges for the series of membrane complexes considered here was computed
together with the number of basic residues in the transmembrane regions. The most likely location of
protonated sites was deduced from the total number of basic residues in the membrane and soluble proteins
using MD simulations in vacuum. The number of charges, determined from mass spectra, was assigned to the
protonation sites that maintained the most stable structures. The average charge state observed in the

Table 1

electrospray spectrum is also shown.

total basicresidues | basicresiduesin TM region | charged residuesin TM region | average charge state

BtuCD 142 10 0 22.8
CL12 74 0 0 22.2
EmrE 10 1 0 8

Kirbac 184 0 0 253
LmrA 116 0 0 18.9
LmrCD 129 2 0 25
MexB 242 18 3 39.9
Mtrg 174 3 3 25
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