s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Nat Protoc. Author manuscript; available in PMC 2020 November 01.

Published in final edited form as:
Nat Protoc. 2020 May 01; 15(5): 1690-1706. doi:10.1038/s41596-020-0303-y.

The use of sonicated lipid vesicles for mass spectrometry of
membrane protein complexes

Dror S. Chorev!, Haiping Tang?, Sarah L. Rouse?, Jani Reddy Bollal, Andriko von
Kiigelgen34, Lindsay A. Baker®, Di Wul, Joseph Gaultl, Kay Griinewald®®, Tanmay A.M.
Bharat34, Stephen J. Matthews?2, Carol V. Robinson"

1Physical and Theoretical Chemistry Laboratory, University of Oxford, South Parks Road, OX1
3QZ, United Kingdom

2Department of Life Sciences, Imperial College London, South Kensington Campus, London SW7
2AZ, United Kingdom

3Sir William Dunn School of Pathology, University of Oxford, South Parks Road, Oxford OX1 3RE,
United Kingdom

4Central Oxford Structural Microscopy Imaging Centre, South Parks Road, Oxford OX1 3RE,
United Kingdom

SDivision of Structural Biology, University of Oxford, Roosevelt Drive, Oxford OX3 7BN, United
Kingdom

SHeinrich Pette Institute, Leibniz-Institut fiir Experimentelle Virologie, Centre for Structural
Systems Biology, c/o DESY, Building 15 Notkestrasse 85, 22607 Hamburg, Germany

Abstract

Recent applications of mass spectrometry (MS) to study membrane protein complexes are yielding
valuable insights into the binding of lipids and their structural and functional roles. To date, most
native MS experiments with membrane proteins are based on detergent solubilization. Many
insights into the structure and function of membrane proteins have been obtained using detergents,
however, these can promote local lipid rearrangement, and can cause fluctuations in the oligomeric
state of protein complexes. To overcome these problems, we developed a method that does not use
detergents or other chemicals. Here we report a detailed protocol that enables direct ejection of
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protein complexes from membranes for analysis by native MS. Briefly, lipid vesicles are prepared
directly from membranes of different sources and subjected to sonication pulses. The resulting
destabilized vesicles are concentrated, introduced into a mass spectrometer and ionized. The mass
of the observed protein complexes is determined and this information, in conjunction with
‘omics’-based strategies, is used to determine subunit stoichiometry as well as co-factor and lipid

binding. Within this protocol we expand the applications of the method to include peripheral-
membrane proteins of the S-layer and amyloid protein export machineries overexpressed in
membranes from which the most abundant components have been removed. The described

experimental procedure takes approximately 3 days from preparation to MS. The time required for
data analysis depends upon the complexity of the protein assemblies embedded in the membrane
under investigation.

Introduction

The membrane environment is known to have profound effects in maintaining the delicate
interactions and the different conformations of the many proteins embedded within it! 3,
However, for most biological studies, it has so far been a necessary to remove the membrane
in order to isolate protein complex of interest. While detergent-dependent approaches have
been used for decades yielding invaluable information®, the structural information derived
when these chemicals are employed is not always entirely accurate — a problem that can be
attributed to the difference between the physical properties of the micelles that they form
and the physical properties of natural membranes®®. As such, several methods have been
designed either to preserve the membrane environment local to the protein, with the use of
styrene maleic acid polymers’, or to emulate it by means of reconstituting the lipid
environment within nanodiscs®. While both approaches are extremely powerful, and
compatible with electron microscopy?10 and native mass spectrometry (nMS)”-8, they
require the use of acidic reagents or detergents and are not able to mimic the membrane
environment as a whole. To circumvent these chemical intervention steps we reported
previously an approach that enables ejection of complexes directly from membranes and
showed that many protein interactions are maintained for characterization using nMS?.

Here we establish a step-by-step protocol for this process known as Sonication of Lipid
Vesicles for Mass Spectrometry (SoLVe-MS). In the first step we examine the morphology
of membranes, before and after sonication, and then explore the experimental parameter
space for optimal MS. We then apply the method for over expression of outer membrane
proteins in Escherichia coli and compare complexes extracted by means of detergent
micelles with those ejected directly from membranes. Finally, we consider the applicability
of SoLVe-MS to additional biological systems by ejecting complexes directly from bacterial
membranes overexpressing recombinant proteins, or stalks layered with membrane
associated proteins, without prior chemical disruption of the supporting membrane.

The first step in our method is the formation of vesicles following standard protocols (see
procedure-step 1, Fig. 1a). The next step involves recording mass spectra from these
vesicles. We first tried injecting the vesicles under standard native MS conditions that use
ammonium acetate at neutral pH, but we were unable to deduce any masses from the
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resulting mass spectra. In order to increase the potential to liberate membrane protein
complexes from the vesicles, we also trialed a variety of other MS and solution conditions
from which to acquire mass spectra, including exchange into aqueous buffers, addition of
low proportions of organic solvents to partially solubilize complexes, solubilization using
mild detergents to disrupt the membrane, as well as a high-energy nMS?! to dissociate the
lipidic environment from the protein complex. We also employed a desorption electrospray
ionization set-up reasoning that this might yield protein complexes from surfaces!? but we
were unable to record meaningful mass spectra using any of these approaches. We therefore
investigated a physically disruptive process prior to MS, applying short sonication pulses in
aqueous buffer (500 mM ammonium acetate pH 7.6). We reasoned that it would be
necessary to avoid overheating and therefore maintained the amplitude at 60% (for the
specified sonicator) and applied 3 s pulses, separated by 6 s pauses and incubated the vesicle
suspension on ice to reduce heating. We optimized the total time for this pulsing, including
pauses, and found it to be 2.5 mins (Fig. 1b). For other sonicators, every cycle should
dissipate 20 J and 13 W of energy.

Using these pulses, we partially disrupt vesicles (Figs. 1b and 3) as evidenced by electron
microscopy (EM) imaging of vesicles before and after pulsing. Reproducible differences in
many of the vesicles were difficult to detect. For £. coli elongated inner membrane tubes
were formed, however, the tips appeared to be partially removed (Figs. 1b and 3), suggesting
that membrane vesicles might open, thereby allowing ingress of MS compatible buffer into
the vesicle lumen.

Subjecting these sonicated vesicles to nMS yielded mass spectra of sufficient quality from
either a commercially available Synapt HDMS modified for transmission of high mass
species, set to high voltages of 200 V cone voltage and 200 V trap voltage as starting
conditions, or similarly a Q-Exactive UHMR instrument!3 (Parameters are described in Fig.
1c, Equipment Setup, and below). We found that it was necessary to apply higher energy
conditions than would normally be employed for nMS of membrane protein complexes4.
The capillary voltage was set to 1.6 kV, the capillary inlet heated to 350 °C and applied
desolvation (-150 V) and source fragmentation (150 V) as the initial set-up parameters for
the SoLVe experiments (Fig. 1¢). If complexes are not released, these conditions can then be
supplemented with additional voltage, where available, applied to the HCD cell (300 V)
throughout the instrument (see Limitations of the Protocol). High energy conditions are
required to get proteins ejected from the membrane. These conditions constitute of source
desolvation (-150 V), source fragmentation (150 V), variable (up to 300 V) from these 2
parameters as well as the HCD energy (up to additional 300 V). The overall voltage is
however optimized according to the properties of the proteins and their complexes and
cannot be prescribed in advance.

Limitations of the protocol

It is important to note this protocol was initially implemented on a prototype Q-Exactive
UHMR mass spectrometer which allowed voltages in excess of 300 V to be applied in the
source regionl. The current commercial Q-Exactive UHMR permits a maximum of 300V to
be applied in source and additionally up to 300V in the HCD cell. With the transition to the
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commercial instrument, including software updates and vacuum pump upgrades, applying
total combined voltages of 300-400 V using both source and HCD cell, and up to the
maximum of 600 V are now available. In our experience this voltage is enough to allow for
the analysis of most, if not all, membrane samples. The SoLVe-MS method can also be
performed using Q-TOF and ion-mobility mass spectrometers such as the commercially
available Waters Synapt HDMS G1 instrument.

It should be noted that although these native membrane vesicles imitate the natural
environment of the proteins as closely as possible, it is unlikely that they fully recapitulate
all the properties of the native membrane. However, since membrane shape is maintained
post sonication! major perturbation seems unlikely. It is unclear whether lipids might
scramble due to sonication, or exchange between membrane leaflets, since standard
maintenance by lipid flipases will not occur during vesicle preparation. Moreover, the full
lateral forces that exist within intact whole membranes will not be maintained in vesicles
due to the change in shape and size of the preparation that is required for the SoLVe-MS
approach.

Other limitations are attributed to the amount of protein or membranes required. Depending
on the membrane’s level of complexity, whether the origin of the membrane is prokaryotic
or eukaryotic, large amounts of material may be required. This may present a hurdle as some
membrane vesicles are difficult to purify or produce at high amounts. Synaptic vesicles,
membrane protein enriched extracellular vesicles (MPEEVs) and overexpression of proteins
in cultured cells may not produce enough protein for analysis. Some membranes such as
eukaryotic plasma membranes may be too complicated for analysis, or contain no
specifically enriched protein, and might require an additional step. Moreover, as the sample
becomes more complex and composed of more proteins, this will invoke the requirement for
large amounts of biological material. The anticipated amounts of membranes and proteins
are detailed in Fig 2 and 3i. For MPEEVS, two to three T175 flasks seeded at 80%
confluency are needed, each flask produces about a 100 pg of protein encapsulated in
excreted vesicles. Extended washes are required to remove the vast amount of bovine serum
albumin (BSA) existing within the growth medium. For bacteria, a small 5 ml pellet may be
enough per 2-3 sonication experiments, each will supply enough processed sample for many
MS analyses. We have found that for a single membrane spanning protein a few hundred
micrograms are needed, while a membrane containing a large array of enriched protein
complexes, whether of natural abundance or overexpressed between 2-10 mg of membranes
are typically required.

How is SoLVe-MS different from other methods used for nMS?

Our initial experiments, designed to transport membrane proteins from solution to gas phase,
were performed using detergent micelles to protect the complex until release once in the
mass spectrometer!®. Many successful experiments have been reported using this
approach1:16-18 |t js known however that detergent micelles can both promote and perturb
lipid binding®®. Concerns about the possible effects of detergent micelles have driven the
development of many membrane mimetics including-bicelles, nanodiscs, styrene maleic acid
lipid particles (SMALPs) and liposomes (Table 1). These membrane mimetics have provided
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great insight into the importance of the lipid bilayer, for stability and function, and are
widely used for EM studies2%-21. It remains challenging however to recapitulate the
membrane environment as a whole within a nanodisc for example. The true abundance of
lipids?2, the force regimes derived from the shape of the membrane and its viscosity, as well
as the immense number and diversity of lipids, give rise to properties that are difficult to
replicate. The SMALP technology provides one of the closest mimetics for studying
membrane proteins?3. Attempts to release proteins from these particles for nMS have
however proved challenging with only limited resolution reported to date’. Furthermore,
these methods in general require overexpression of proteins, which further complicates
interpretation of the state of the complex in the native membrane environment.

SoLVe-MS by contrast does not employ a membrane mimetic, but uses vesicles formed
directly from native membranes. These vesicles can be either naturally secreted by cells24,
or created by physical intervention. Importantly however they are not formed through
chemical intervention either via detergents, acidic regimes, or hydrophobic polymers. We
expect that the membrane proteins and complexes subjected to SoL Ve are encapsulated
within vesicles as we have not been able to detect membrane “fragments” by EM following
sonication, prior to injection. SoLVe-MS therefore allows examination of endogenous
membrane proteins, in vesicles derived directly from the original membrane of the host
organism. It is important to note that these membrane vesicles are not liposomes. The latter
are formed from purified protein inserted into a membrane artificially assembled from
selected lipids?®. Membranes for SoLVe-MS by contrast are generated directly from their
organelle or organism, without chemical intervention, and without the need for
overexpression unless specifically required.

How do you define the components of the membrane?

The results derived from the SoL Ve protocol were at first unexpected. For example, the
bacterial F-type ATP synthase was observed intact while communicating with the core
hydrophobic components of the inner membrane insertase SecYEGY26, This interaction was
also recently reported following affinity capture in peptidiscs and analysed by protoemics26.
Additionally, two distinct populations of the Bam complex were observed by SoLVe-MS,
with and without an additional copy of subunit E. Interestingly, only in the subpopulation of
Bam complexes containing a single copy of E, cardiolipin binding was observed (Fig. 2, step
1 and 2).

As described in Fig. 2, to support these observations traditional ‘omics’-based strategies are
required (Fig 2. Step 3), including proteomics to identify all protein components, both from
denaturing and native gels followed by in-gel digestion and proteomics?’. As direct
digestion from the vesicles yields relatively low coverage due to large parts of the protein
being inaccessible, we have found it is better to perform in-gel digestion. 40 pg of protein
per lane is typically used. Moreover, as these membrane proteins are also likely to bind a
large array of lipids, lipidomics28:29 must be performed to cover all possible lipid options
that might be observed within preparation from native membranes. Because of the
prevalence of post translational modifications, and proteoform variations, including a
detergent extraction step (Fig. 2, step 4) for membrane proteins may also be required to
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obtain accurate masses for fitting with intact complexes. Post-acquisition, all information
will be needed to understand and interpret the SoLVe mass spectra (Fig. 2, step 3). The
‘omics’ approaches and the SoL Ve protocol can be done in any order, and cross-interpreted.
The tentative assignments can then be compared and validated against the literature, or
incubated with known inhibitors of the expected protein, overexpressed and tested for a
known protein, and cross-validated with a variety of supporting methods like molecular
dynamics simulations (Fig. 2, Procedure step 5).

What types of membranes are suitable for SoLVe-MS?

Materials

Reagents

The initial developments focused on ejection of overexpressed eukaryotic membrane
proteins from MPEEVSs, presenting the protein of interest as the sole membrane protein. We
then discovered that the approach could be applied to a wide range of protein complexes
from native membranes of £. co/iand bovine sources. In this protocol we develop the
methodology further by demonstrating the ability to eject overexpressed recombinant
bacterial operons in suitable bacterial host strains. Additionally, we explore applications to
membrane-associated proteins, which were found to be more stable when released from
membranes directly. Overall, we have found that SoLVe-MS can be employed to many
specialized membranes that contain a high abundance of specific membrane protein
complexes.

Stock Ammonium Acetate solution 7.5 M, Sigma, A2706-500 ml
E. coli strain lacking OmpF, OmpA, OmpC and LamB3®

C. Crescentus®031

B. Taurus heart32, Bovine hearts can be obtained from an abattoir.

BHK-21, clone 1324, Cell line can be obtained from ATCC.

Reagent setup

Equipment

The ammonium stock solution is made fresh for every experiment, diluted to 500 mM
ammonium acetate in milliQ water, and can be stored at 4 °C. for 2-3 days.

Glass capillaries, Harvard apparatus, GC120F-10 for UHMR, GC100TF-10 for Synapt.
Amicon Ultra-4 centrifugal filters- 10-100K REF UFC810096
50 ml glass beaker, Pyrex, 10079739

Micro Bio-Spin 6 chromatography columns, MW exclusion limit 6 kDa (Tris buffer, Bio-
Rad, cat. no. 732-6221)
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Probe sonicator, Sonics and Materials Inc, VC505, 20kHz connected to a large probe
CV334, probe tip diameter 12 mm.

Q-Exactive UHMR, Thermo Fisher Scientific, Cat# OPTON 0726090

Optima L-90K Ultracentrifuge, Beckman Coulter, SW32Ti rotor or others and compatible
tubes

Thick wall Polycarbonate ultracentrifuge tubes REF355631
Chilled benchtop centrifuge- Hettich Universal 320 R

Synapt HDMS G1 with 32K RF generator (or others), Waters

Equipment Setup

The following are starting parameters for a commercially available Thermo-Fisher Scientific
Q-Exactive UHMR and a first-generation Waters Synapt HDMS.

Q-Exactive UHMR Synapt G1 HDMS
Capillary voltage 1.6 kV Backing pressure 5.6 mBar
Source capillary temperature 350 °C.  Source temperature 90 °C
Trapping gas pressure 7.5 Capillary voltage 1.6 kV
Source DC offset 21 Cone voltage 170 V
Source fragmentation 150 V Trap voltage 100 V

In source trapping On Transfer voltage 5 V
Desolvation voltage -150 V Bias 15 V

HCD energy 0 V *For IMS

Detector optimized for high m/z. Wave speed 250 m/s
Noise threshold 3 Wave Height 7-10

Max inject time 100 IMS gas 24 ml/min

AGC target 1,000,000

Resolution 12,500

Software
Thermo Xcalibur 4.2.47

Unidec 4.1 (Freely available for academic use)33
SUMMIT 1.0 (Free, no longer supported)34
Waters Masslynx 4.2

Procedure (excluding data analysis, O Timing 3-4 days)

Membrane collection- O Timing- 1 day (cell growth may reach one week if cultured
eukaryotic cells are needed)
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A Critical Step The orientation of the proteins within the membrane (inside out or outside
in) might be unknown leading to losses of fragile components e.g. F; soluble complexes
from F1F, ATPases. We advise to have the membrane vesicles imaged by cryo-EM in order
to examine how the proteins are oriented. However, it’s possible to avoid this with an
additional membrane layer that can be retained by avoiding the osmotic bursting step to
protect the proteins as in the case of mitochondrial membranes. Trialing softer sonication
conditions such as lower amplitude is also advised.

1] Collect membranes by the method you normally use in your lab, or a method
that you think would work well for your experiment. The following options are
examples that we have used in our own lab.

A | MPEEVs BHK-21 cells

Inner and outer membranes | E£.coli

C | Mitochondrial membranes Bovine heart

In practice, since membranes are heavily diluted, sonicated and washed in vast excess of
ammonium acetate as part of the later steps in this Procedure, it is not generally necessary to
change existing membrane preparation protocols. Membrane protein purifications can be
modified for SoLVe-MS simply by stopping before the step in which the membrane is
dissolved in detergent.

Membranes purified in standard buffers have a lifetime of up to 1-2 weeks at 4 °C or longer
at -80 °C. However, it is always recommended to do everything as fresh as possible.

A. MPEEVS from mammalian cells

(M The following is based on the procedure in ref. 24 used to acquire MPEEVS,
vesicles excreted naturally to the growth medium from cells overexpressing a
protein under a strong promotor. 24 h before transfection, seed 15x106 BHK-21
cells in 40 ml of Glasgow MEM supplemented with 10% fetal calf serum (FCS),
2% tryptose phosphate broth (TPB) and 20 mM HEPES, onto a T175 flask. 2-3
flasks are typically required per experiment depending on expression level and
relative abundance, however, sometimes more will be needed. Each flask yields
approximately 100 pg of protein.

(i)  On the day of the transfection, change medium to 17 ml growth medium
containing 2% FCS.

(i) Perform transfection according to manufacturer protocol. Use 60 pug of DNA-the
protein of interest overexpressed under a strong promotor, and 120 pl of
Lipofectamine 2000 transfection reagent, dilute each reagent in 1.5ml of growth
medium with 2% FCS to a total mix of 3ml, per flask T175 flask.

(iv) 2 h post transfection, wash cells twice with 10 ml of PBS.
(v) Remove PBS completely.

(vi)  Supplement the cells with 30 ml of growth media containing 2% FCS, 2% TPB
and 20 mM HEPES.

Nat Protoc. Author manuscript; available in PMC 2020 November 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Chorev et al.

(vii)

(viii)

(ix)
(x)
(xi)
(xii)
(xiii)

(xiv)

(xv)

(xvi)

(xvii)

(xviii)

(xix)

(xx)

(i)
(i)

Page 9

24 h post transfection, remove growth media, wash cells with at least 100 ml of
PBS (20 ml x 5 washes) to remove excess BSA, and replace with 30 ml of
growth media that contains 2% TPB, 20 mM HEPES, but does not contain FCS.

A Critical Step Insufficient washing will result in BSA contamination of the
sample.

48 h post transfection collect the growth media only and dispose of the flasks
with the cells still attached.

Put collected growth media on ice.
Centrifuge at 1000x g at 4 °C to remove any cells or cell debris for 20 minutes.
Remove supernatant to a different tube.

Wash ultracentrifuge tubes well with milliQ water and 70% EtOH, and dry
before use.

Move the supernatant into a thick wall polycarbonate ultracentrifuge tube
suitable for a SW32Ti rotor.

Using a 5ml syringe with a long needle, insert 5 ml of 20% sucrose in 25 mM
HEPES pH=7.4 with 130 mM NacCl, to form a sucrose cushion at the bottom of
the tube.

Centrifuge at 30,000 rpm with a SW32Ti rotor for 2 h at 4 °C.
Dispose of the sup patiently.
Dry out the tube using kimwipes without touching the pellet.

A Critical Step Drying out the tube of the growth media completely is
important, as the sample may turn out pink and contaminated with growth media
leftovers if not done properly.

Add 50-100 pl of 500 mM ammonium acetate to the tube.

Seal the tube with parafilm and leave at 4 °C overnight for the vesicles to
redissolve.

Collect the sup with the vesicles into an Eppendorf tube the following morning.

<PAUSE POINT> In our experience MPEEVs remain intact for 1-2 weeks at 4
°C.

Bacterial inner and outer membranes
Follow the procedure described by Baker et al.,3> without change.

After purification, dilute the vesicles in ammonium acetate, sonicated and
treated as described below.

<PAUSE POINT> These can be stored at 1-2 weeks at 4 °C.

Mitochondrial membranes
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To isolate mitochondrial membranes, follow the procedure described in Ref.
3696,

Stop the procedure after the (last) ultracentrifugation step; and don’t dissolve the
membranes in detergent.

<PAUSE POINT> The membranes can be stored for more than a year at -80°C
or for 2-3 weeks post-SoL Ve at 4 °C.

Sonication- O Timing 1 hour

I Caution- sonication may cause hearing damage and must be performed with appropriate
safety precautions. Ideally, a sound proof cabinet should be used. The experimental setup for
sonication is described in Fig. 3(i-ii). Details for the sonicator and probe, including
catalogue numbers, are in the appropriate equipment section.

1
2|

3]

4

5|

6|
7]

8|
9|
10|

Prepare an ice bucket.

Wash the probe with double distilled water (DDW) filtered through a 0.22 um
filter, followed by a 70% (v/v) Ethanol wash.

Dry the probe.

A Critical Step We recommend using a 12 mm probe (See Equipment). Do not
attempt to sonicate small volumes with a smaller probe, since it is highly likely
that membrane vesicle solution will overheat and evaporate.

Turn on sonicator. Set pulses to 3 s on /6 s off. Time 2 mins 30 s. Set amplitude
to a maximum of 60%. This equates to a total of 20 J and 13 W per 9 s working
cycle.

Fill a 50 ml glass beaker with chilled 20 ml of 500 mM ammonium acetate at pH
7.6.

Place glass beaker firmly into an ice bucket.

Place membrane vesicles, collected and formed via standard protocols as
described in Step 1 of the procedure, into the ammonium acetate filled beaker.

A Critical Step The amount of membrane fraction required is related to the
complexity of the system. If a single bacterial protein is of interest, tens of
micrograms of proteins embedded within vesicles may be sufficient. For more
heterogeneous bacterial inner or outer membranes, a total of 2 mg of the
membrane fraction is recommended. For eukaryotic, highly modified proteins,
0.5 mg would be required for a single protein, but for whole membrane fractions
up to 10 mg maybe required.

Homogenize membrane preparation with a pipette.
Place the bucket with the beaker beneath the probe.

Slowly raise the beaker until probe is approximately 2-3 mm above the bottom
of the beaker. Make sure the probe does not touch the glass.
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13|

14]

15|
16|
17|

Page 11
A Critical Step - Do not place the probe too close to the bottom of beaker, the
glass may shatter.

A Critical Step - Do not place the probe too close to the liquid interface,
bubbles might form that induce protein oxidation and deformation.

Put on protective hearing equipment.
Start sonication.

During sonication, constantly examine the preparation to ensure that no bubbles
are forming.

A Critical Step - The sonication process will heat the preparation, and
consequently will melt the ice beneath the beaker, lowering the height of the
beaker with respect to the sonication probe. This may cause the probe to create
unwanted bubbles or exit the solution.

When the sonicator clock reaches 2.5 mins, push the stop button.

A Critical Step - Do not perform the procedure for less than 1 min as the
process will be ineffective. More than 5 mins will be detrimental to the proteins.

Remove the suspension to a labeled 50 ml tube.
Clean probe, first with water, then with 70% (v/v) ethanol.
Turn off the sonicator.

O <PAUSE POINT> - Membrane proteins residing within their native
membrane in ammonium acetate have an approximate lifetime of 2 weeks at 4
°C.

Protein concentration O Timing 5-6 hours

O Pause point- Concentrating membranes is time consuming. Concentrator tubes can be
stored overnight at 4 °C and concentration can be continued the following day.

18|

Select a 10/30/50/100 kDa cut-off 4 ml concentrator tube (Amicon).

A Critical Step - The size of the vesicle will not allow it to pass through the
pores of any concentrator membrane. However, sometimes a membrane protein
complex will contain independent lipoproteins, or soluble components, that
might be of interest and may be lost when using a concentrator with a given
molecular weight cut-off. Therefore, to maintain these components, a low
molecular weight cutoff concentrator may be required. Using a low molecular
weight cutoff will result in extended washing times. Moreover, sometimes a
soluble contaminant may exist, selecting a cutoff size larger than the mass of this
protein may allow its removal. These aspects should be considered when
choosing the molecular weight cut-off for the concentrator tube. We recommend
starting with a 10 kDa cutoff, and adjusting the choice for subsequent
experiments.
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20|

21
22|
23|
24
25|
26|

27|

28|

Page 12
Equilibrate the concentrator membrane with 2 ml of 500 mM ammonium acetate
for 10 mins.
Place 2 ml of the sonicated vesicle preparation into the concentrator tube.

Spin at maximum possible speed for a given concentrator tube (7690 x g on a
fixed rotor in a Hettich 320 R) for an Amicon Ultra-4 concentrator, at 4 °C.

A Critical Step - Make sure centrifuge is balanced at all times.

A Critical Step - Do not let the concentrator membrane, containing the
preparation, to run dry.

A Critical Step - Do not exceed the manufacturer’s suggested centrifugation
speed for a particular concentrator. Exceeding this value may induce membrane
rupture.

A Critical Step - Use of the 4 ml concentrator has been found to be optimal.
The physical properties of the membrane in 15 ml concentrators means that the
preparation is exposed to too great of a surface area. This can induce losses of
material through precipitation or adhesion of the vesicles to the concentrator
membranes. Concentration via 0.5 ml concentrators is too time consuming.

Decrease the volume of the preparation as much as possible by centrifugation.
Add more of the sonicated preparation to the same concentrator tube.
Decrease the volume as much as possible (100-200 pl).

Repeat steps 22-23 until the volume of the sonicated preparation is depleted.
Decrease volume as much as possible as in step 23.

Add 500 mM ammonium acetate to fill to the top tube to equilibrate the lipid
vesicles in the mass spectrometry compatible buffer.

Repeat steps 25-26 at least 3 times. An approximate 10,000-fold dilution is
advised to effectively desalt the vesicles.

A Critical Step - Insufficient desalting will likely result in a poor-quality mass
spectrum with a low signal to noise ratio. > 10,000-fold buffer dilution factor is
recommended.

Reduce preparation to a final volume of 100-200 pl.

A Critical Step - If centrifugation is too slow, the lipid vesicle preparation can
be split into two or more concentrator tubes. This may however result in
increased loss of proteins through adsorption to the additional concentrator filter
membrane.

O Pause point- Membranes and proteins at this point can be stored for ~2
weeks in ammonium acetate at 4 °C or years at -80 °C. However, long-term
storage specifically in ammonium acetate is not recommended.

Native mass spectrometry analysis O Timing 5-6 hours
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A Critical- The parameters in fig. 1c and Equipment setup represent starting conditions and
can be adapted according to the preparation used. These steps can be adapted according to
the advice described in Step 35.

I Caution- Glass capillaries are sharp and may break. Wear gloves and eye protection.

I Caution- High voltage may cause injury.

29

30|

31

32|

33|

Insert 2-3 pl of fully processed preparation into a gold-coated glass capillary
using a gel loading tip3’.

Ensure that the solution has reached the end of the capillary using a small
benchtop centrifuge and a capillary holder for short bursts at maximum speed at
room temperature, or manually with a flick of the wrist.

Remove capillary tip under a microscope using tweezers. Membrane vesicles
can range between 100-500 nm in diameter or length, depending on the
membrane of origin. It is therefore sometimes necessary to form a large orifice
to allow vesicles to exit the capillary and form a stable spray (See fig. 4).

Lock the nano-spray source on the MS instrument.

The starting parameters for both the Waters Synapt HDMS and Thermo
Scientific Q-Exactive UHMR can be found in the equipment setup section and in
Fig. 1c and Fig. 3(iii).

A Critical- These represent starting conditions and can be adapted according to
the preparation used.

Perform the mass spectrometry experiment, and examine the results.

O Pause point- Membranes and proteins at this point can be stored for ~2
weeks in ammonium acetate at 4 °C or years at -80 °C. However, long-term
storage specifically in ammonium acetate is not recommended.

Adapting the parameters for Nano-electrospray of membrane vesicles

34|

35|

Modify the capillary tip to enable MS of membrane vesicles Introducing lipid
vesicles into a mass spectrometer and optimizing the instrument conditions is
not trivial. The vesicles prepared here range from 100 to 500 nm in diameter,
therefore sometimes the tip of the capillary will need to be broken such that a
large part is removed, facilitating a larger orifice (an increase of ~3x in the
diameter) than would typically be required for native MS (Fig. 4a and b).

Adjust the MS parameters per sample Optimization of the electrospray is in
many ways similar to the procedures used for membranes proteins encapsulated
in detergent micelles®839, In this case high energy is required to remove the
membrane as opposed to the micelle. Insufficient energy will yield unresolved
spectra while too much energy will induce fragmentation of protein complexes
and loss of metabolites or cofactors (Supplementary figure 1). Very likely, MS
under a range of conditions will be required. A relatively unresolved spectrum
can still be informative as raw data can be deconvolved by software freely
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available such as UniDec3340 and iFAMS#! to indicate additional masses.
Although not always the case, vesicles typically require more stringent MS
conditions than complexes released from detergent micelles. Moreover, higher
mass species typically eject at higher energies. Using this high energy does not
favor transmission of soluble contaminants from the solution, as these are not
membrane protected.

Trouble shooting

Troubleshooting advice can be found in Table 2.

Anticipated results

To demonstrate SoLVe-MS, and to highlight comparison with detergent solubilized
preparations, we considered proteins overexpressed by the Fap operon®? which has been
shown to form an amyloid-like structure on the surface of bacterial membranes. While it is
possible to perform SoLVe with unseparated wild-type £. co/i membranes expressing target
protein complex, in the case of the FapF, the spectra are complicated by large amounts of
endogenous proteins (Fig. 1d) from both inner and outer membranes. We therefore used
membranes derived from a strain of £. coli lacking the four most abundant outer membrane
proteins - OmpF, OmpC, LamB and OmpA?*3. After overexpressing the Fap operon
containing FapA-F proteins in this £. colistrain lacking outer membrane proteins, native gel
analysis showed almost no traces of any complexes in the sample, but after n-Dodecyl p-D-
maltoside (DDM) solubilizationconfirmed the presence FapF by proteomics (Supplementary
figure 2a). Initially to check for expression and for comparison with SoLVe we solubilized
and purified the assembly in C8E4 detergent micelles. Under these conditions, a trimer of
FapF, which forms the membrane spanning pore, as well as a very low population of
(FapF)3(FapD)scould be observed (Fig 5a and b, Supplementary figure 3). When ejected
directly from membranes (Fig 5a and c), however, additional species were observed with
high intensity corresponding to (FapF)z(FapD)4(FapC)4 and
(FapF)3(FapD)1(FapC)1(FapE);. These results are consistent with formation of complexes
that correspond to initial stages of amyloid fibril formation on membranes. Furthermore, the
results imply that SoLVe-MS is capable of preserving assemblies that form not only within
membranes, but also on their surfaces.

To examine further the versatility of SoL Ve to probe surface associated proteins we
attempted to release the peripheral membrane bacterial S-layer protein RsaA directly from
the surface of the Caulobacter crescentus cell stalks**. Comparing the SoL Ve experiment
(Fig 5d) with a preparation in which the standard low pH extraction was used
(Supplementary fig. 4), shows similar amounts and masses of RsaA are measured for both.
Measured and expected masses for all spectra appear in Supplementary table 1. These
comparisons demonstrate the importance of the membrane for preserving the stability of
proteins and add to the applications of SoLVe-MS for membrane associated assemblies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Key steps in the process of Sonicated Lipid Vesicle Mass-Spectrometry (SoLVe-MS)
performed on E. coli inner and outer membranes.

Vesicles are generated from membranes by standard protocols and collected by
ultracentrifugation. (a) Typically 2 mg of total protein in vesicles is then diluted into 20 ml
of ammonium acetate and sonicated as described (a and b). Membrane vesicles are then
injected into an Q-Exactive UHMR using parameters desgined to record and assign high
quality mass spectra (c-d). The parameters listed in panel C represent the starting parameters
used to yield an initial spectrum. These parameters can be adapted according to the vesicles
under investigations. High energy helps to remove adducts allowing for an initial spectrum,
and to abolish many soluble contaminants that may exist. (d) Tandem MS is performed
where possible to further validate the identity of the protein complex as well as to increase
the resolution, and to infer subunit identity and location; peripheral subunits are expelled
first3”. SoLVe MS of £. coli mixed membranes expressing FapF reveal multiple complexes,
many observed previously, and additional charge states (isolated peak highlighted orange).
Following activation the isolated peak yields the FapF trimer bound to an unkonwn subunit
with a mass of 27,154+5 Da. The complexes assigned in the spectrum (d) are shown
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schemtically in (a) with dissociated subunits (grey). Mass spectrometry experiment was
performed three times. Spectra were acquired at dessolvation voltage of -200 V, and source
fragmentation of 200 V.
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Figure 2. How to approach SoLVe-MS, data analysis and validation.
Step 1- Obtain vesicles-addressed in step 1 of Procedure section. Step 2- SoLVe-MS will

require the greatest proportion of the collected vesicles (~95%). Acquire the highest
resolution MS data possible and assign peaks to charge states of a protein complex. Careful
examination of the spectrum is required to search for peak splitting due to cofactor binding
and unique identifiers (a), or diffuse peaks indicating lipid binding and co-factors and other
small molecules. (b). Unexpected large mass variation may be observed indicating
differences in subunit composition (c). Step 3- Use available omics approaches. This will
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require pg of protein (Likely less than the remaining 5% of material). Both native and
denaturing gels are needed to support interpretation. All gel bands should be excised and
subjected to standard proteomics approaches leading to identification of possible candidates
and their subunits. Standard proteomics shown here identifies a partial sequence of the
subunit of the eF,F1 (a). The lipid components of the preparation should be examined by
lipidomics (b). Step 4- Detergent extraction of proteins directly from the same membrane as
a control for stoichiometry and lipid binding, or a recombinant version of a complex, such as
the Bam complex purified in C8E4 detergent can be used for comparison. Here both
stoichiometries are observed (BamABCDE and a population of BamABCDEE). Step 5-
When all data has been acquired, validation is undertaken. This can be done in multiple
ways including literature search. A mass table derived from databases or if possible previous
literature reports of measured subunit masses should be curated. Examination of structural
plausibility utilizing molecular dynamics simulation or examining the structural integrity in
PyMOL should be carried out. All these should eventually significantly increase the
confidence in the assignment. Representative spectra are of a single repeat from 3-6
biological repeats.
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(i),

w o » ol
Membrane tubes after sonication ! Sonication (20 mins)

Sonicator used

500 W probe sonicator- Sonics

Large probe

Parameters

Amplitude- 20-60%, membrane dependent
2.5 min, cycles of 3 s on/6 s off

onice

! Less than 1 min, not effective

! More than 5 min, detrimental

(i)

A b i “:

. 2 % i s E -
Native mass spectrometry (2-6 hours)

Native MS platforms used so far
Waters Synapt HDMS
Thermo Q Exactive UHMR

General Parameters

High backing or HCD pressure
High source temperatures
High capillary voltage

Figure 3. The experimental setup required for SoL\Ve-MS.

(i) Depending on the organism and complexity of the proteins embedded within the sample,
as low as 50 pug of protein or as high as 10 mg of proteins embedded in membranes are
required per experiment. The mechanism of sonication is unclear, however, before
sonication bacterial inner membrane tubes are intact. Post-sonication the tips are removed
suggesting sonication allows ingress of MS compatible buffer. Cryo-EM inset scale bar is
0.5 um. (ii) Sonication is performed with the conditions stated. After sonication, and
concentration of the vesicles, this preparation can be injected into an MS instrument. SoLVe-
MS has been successfully attempted on a Thermo Q-Exactive UHMR and a Waters Synapt
HDMS. Exact conditions are specified in the protocol. The overall suggestion is however to
use high energy conditions. Cryo-EM inset scale bar is 0.5 um. (iii). The entire process
should take 2-3 days.
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Figure 4. Enhancing the spectra by modifying the capillary tip.
(a) The vesicle diameter varies from 100-500 nm depending on the membrane’s origin,

therefore a capillary cut in the standard way (LH panel), may not allow for sufficient exit of
vesicles, and may require further opening (RH panel). Scale bar is 1 mm. (b) Scanning
electron microscopy of the capillary tips cut in the standard way (LH panel) and further
broken (RH panel). Scale bar is 1 um.
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Figure 5. Comparison of SoLVe-MS with low pH and detergent extracted membrane protein
complexes and associated proteins.

(a) Models of Fap protein complexes observed by detergent extraction (i)-(ii) and by SoLVe-
MS (iii) — (v). The interaction of FapF with FapD is modeled based on BS3 cross-linking
and data reported previously#°, and models for FapC and E are homology based. (b) Mass
spectrum of the Fap operon purified in C8E4 shows predominantly FapF3 (i) (grey) alone,
and with a very low population containing a single FapD (ii) (red), or a single misprocessed
FapD (red). (c) SoLVe-MS of £. coli membranes lacking major outer membrane
components, overexpressing the Fap operon, show association of FapF3z with FapD and
FapC (blue) (iii) or FapD, FapC and FapE (green) (iv) or (v). It is not known whether or not
FapE (green) displaces FapC (blue), so both models are presented. Spectra were acquired at
400 V (Desolvation -200V, Source fragmentation 200V), and are a representative from 2
biological repeats and multiple MS experiments. (d) SoLVe-MS enables release of RsaA
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from the surface of the membrane, from the cell stalk. Inset (i) Tomographic slice through a
C. crescentus stalk. Inset (ii) Sub-tomogram averaging of the purified cell stalks shows the
presence of two-fold and a pseudo-three-fold symmetry axes in the S-layer lattice on native
membranes, marked with a yellow rectangle and triangle respectively. Spectrum was
recorded at a Desolvation -150 V, source fragmentation 100 VV and HCD 150 V.
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Comparison of different extraction and solubilization methods used for the analysis of
membrane proteins by nMS.

Method Detergent Spectral Complexity of | Resemblance to | Protein Protein Analysis
extraction quality spectra membrane purification overexpression time

Micelles!® Yes High Low Minimal Yes Typically required Short
Bicelles*® Yes High Low Minimal Yes Typically required Short
Amphipols* | Yes High Low Minimal Yes Typically required Short
Nanodiscs® Yes High High Medium Yes Typically required Medium
SMALPs’ No Low Low Medium No Typically required Medium
SolL\Ve! No High High High No Not required, except Variable

for low abundance

proteins
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Table 2
Troubleshooting
Step Problem Possible Reason Possible Solutions
No.
4 Decreased spectra For UHMR effective resolution at Change m/z window to encompass only high m/z values i.e. from
quality at higher m/z. higher m/z is lower. 10,000 to 20,000 m/z.
Set detector to high m/z.
Increase HCD (UHMR) or backing (Synapt) pressure to stabilize
high mass species.
1,4 Absence of signal. Insufficient protein Collect additional vesicles.
Vesicles do not exit capillary Expand capillary orifice.
34 Broad peaks Insufficient desalting, too much Perform additional washes of preparation. Reduce sonication
throughout. sonication, use of non-compatible amplitude. Avoid having DTT, TCEP, and other small molecules
compounds for native MS. that might complicate the analysis.
4 Collision induced Not enough energy used Raise voltage throughout where possible.
dissociation not throughout. Total energy used is
possible. insufficient.
5 Soluble contaminants. | Vesicles not washed well enough. Additional wash stages can be presented into the protocol by

Some maybe intrinsic components
of the system.

repeating ultracentrifugation multiple times.

Utilization of a concentrator tube with a molecular weight cutoff
larger than the contaminant’s mass.

Higher energy releases more membranes proteins, making them of
higher representation in the spectra when compared to
contaminants.
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