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Abstract

We describe here the analysis of Nanodisc complexes by using native mass spectrometry (MS) to
characterize their molecular weight (MW) and polydispersity. Nanodiscs are nanoscale lipid
bilayers that offer a platform for solubilizing membrane proteins. Unlike detergent micelles,
Nanodiscs are native-like lipid bilayers that are well defined and potentially monodisperse. Their
mass spectra allow peak assignment based on differences in the mass of a single lipid per
complex. Resultant masses agree closely with predicted values and demonstrate conclusively the
narrow dispersity of lipid molecules in the Nanodisc. Fragmentation with collisionally activated
dissociation (CAD) or electron-capture dissociation (ECD) shows loss of a small number of lipids
and eventual collapse of the Nanodisc with release of the scaffold protein. These results provide a
foundation for future studies utilizing Nanodiscs as a platform for launching membrane proteins
into the gas phase.

Although membrane proteins are of high biological and pharmaceutical importance,
membrane protein structural biology has lagged behind that of cytosolic proteins owing to
the difficulty of expressing and solubilizing membrane proteins for analysis. Nanodiscs,
which are nanoscale lipid bilayers encircled and held intact by engineered membrane
scaffold proteins (MSP), can solubilize membrane proteins for analysis.1:2 The scaffold
protein defines the diameter of the Nanodisc complex while the type of lipid defines how
many lipids are required to pack the bilayer area inside the MSP perimeter.2 Nanodiscs were
used previously in several MS applications, but in those studies, the researchers
disassembled the Nanodiscs prior to analysis.*~’ We report here the first evidence that intact
Nanodisc complexes can be introduced to the gas phase of a mass spectrometer using native
electrospray MS for direct measurement of their molecular weight and polydispersity. These
measurements provide important fundamental characterization of Nanodiscs and will serve
as a basis for future studies using Nanodiscs as a platform for membrane protein native MS.

We describe the analysis of Nanodiscs containing the scaffold protein MSP1D1(-) and
lipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) or 1-palmitoyl-2-oleoyl-sr-
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glycero-3-phosphocholine (POPC). DMPC and POPC were chosen for this study because
they were previously characterized? and are commonly used in Nanodisc preparation. The
preparation of these Nanodiscs was described previously,13 and a detailed description can
be found in Supporting Information. The Nanodiscs were purified on a Superdex 200 size-
exclusion column with elution in 0.1 M ammonium acetate (pH = 6.8). Eluted fractions
containing Nanodiscs were pooled (final concentrations were between 5 and 10 uM) and
infused, using nano-ESI, into a Bruker SolariX Fourier-transform ion cyclotron resonance
(FTICR) mass spectrometer under native conditions. In-source, collisionally activated
dissociation (CAD) was accomplished by increasing the voltage of the first skimmer cone of
the source from 10 V to 190 V, thereby accelerating the ions to cause some dissociation
upon collision with background gas. Electron capture dissociation (ECD) was performed
with a voltage bias of 0.1 V for 10 ms. A complete list of instrumental parameters is in
Supporting Information.

The native mass spectra for DMPC and POPC Nanodiscs as measured by FTICR mass
spectrometry show a fine spacing within each broad peak (Figures 1 and 2 respectively with
additional spectra shown Figure S-1 and S-2). We hypothesize that this spacing is due to
slight differences in lipid packing, with each peak representing a Nanodisc with a defined
number of lipids. Adjacent narrow peaks differ by the mass of a single lipid. Distributions in
aggregation number were previously observed in native MS of detergent micelles,82 but this
is the first direct observation of the lipid distribution (polydispersity) of Nanodiscs.
Accepting the above hypothesis, we determined the charge for each species by dividing the
mass of the lipid by the spacing between adjacent peaks. The three broad peaks,
corresponding to the +22, +21, and +20 charge states, were fit to three overlapping Gaussian
distributions to calculate the average MW and polydispersity (Figures S-3 and S-4). The
mean and standard deviations of the three distributions were averaged, and errors are
reported as one standard deviation.

Fitting FTICR mass spectra to Gaussian distributions (Figure S-3) shows that Nanodiscs
containing DMPC have an average mass of 149.5 + 0.5 kDa and are sprayed with an average
charge state of +21 at 70 V CAD. These DMPC Nanodiscs average 155 lipids per Nanodisc
or 77.5 lipids per leaflet. This lipid total agrees well with the 77 lipids per leaflet, previously
measured for DMPC by radioactive methods.2 The average lipid count has a standard
deviation of 2.4 £ 0.5 lipids per leaflet.

The results for POPC Nanodiscs (Figure 2 and S-4) reveal that they can be native sprayed
with an average charge of +21 at 70 VV CAD to yield an average mass of 151.7 £ 0.3 kDa.
There are on average 141 POPC lipids per Nanodisc or 70.5 lipids per leaflet. This is in
acceptable agreement with lipid counts for POPC Nanodiscs, which were reported to be 62
lipids per leaflet! and 67 lipids per leaflet.10 Similar to DMPC, the POPC lipid distribution
is 2.61 = 0.02 lipids per leaflet.

Informed by the charges determined from lipid spacing, we used a simple formula to
simulate the expected native mass-to-charge ratio of a Nanodisc, m/zyp, as a function of
lipid number:

2M,, o, +nM, +18m+z

m/ZND (m)= Z 1)

where My,spis the mass of scaffold, 22044 Da; nis the number of lipid molecules; M, is
the average lipid mass, 677.933 Da for DMPC and 760.076 Da for POPC; and zis the
charge state. Because intact Nanodisc ions from the native ESI have relatively high m/zand
are poorly desolvated compared to those from conventional ESI of denatured proteins, the
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corresponding peaks of intact Nanodisc complex were not isotopically resolved. Thus,
average rather than exact values of lipid molecular masses were used. The value of 7was
simulated for a range around the average lipid number calculated above.2 The 18/ term was
included to account for tightly bound solvent molecules or counter-ions such as ammonium
(both water and ammonium have molecular weights of 18 Da), which were observed in
previous native mass spectrometry studies.! This value was determined by adjusting /7to
achieve to minimal difference between the simulated peaks and the middle five peaks in the
three distributions. The best fit was found when mwas 6 for DMPC and 5 for POPC
although the width of the peaks limits the precision of these numbers. After correcting for
bound solvent, simulated masses for the middle five peaks (approximately one standard
deviation) in each of the three charge states agreed with measured peaks to within 0.03% for
DMPC and 0.02% for POPC. However, peaks at the edges of the distributions do not match
as well owing to the overlapping of distributions from multiple charge states, as seen in
Figures 1 and 2. The close fit between simulations and measured spectra confirm our
assignments of the spectra to intact Nanodisc complexes.

The Nanodisc ions remain stable upon CAD from 10 to 70 V with a slight decrease in
charge state as CAD energy increases (see Figures S-1 and S-2). lonization does not occur
with large amounts of bound solvent, indicating the ionization conditions are effective at
desolvating the Nanodisc even at low CAD energies. Adding additional collisional energy
by increasing the accelerating potential to 100 V and 130 V continued to shift the output to
lower charge states.

Using the lipid spacing to deconvolute the charge states, we observed that both 100 V and
130 V CAD cause the average lipid count to decrease. This suggests that the Nanodiscs
begin to release a small number of lipids without complete destruction. CAD at 100 V
shows DMPC Nanodiscs with average lipid counts of 153, 148, and 146 (Figure S-5A).
CAD at 130 V with an ECD bias of 0.1 V shows DMPC Nanodiscs with average counts of
143 and 139 lipids (Figure S-5B). These results are consistent with data on detergent
complexes; those data demonstrate that lower aggregation numbers are observed at lower
charge states.8 At these higher energies, different charge states and lipid distributions begin
to overlap, and the peaks become too difficult to assign based on lipid distribution.

Finally, the mass spectrum of the MSP at charge states from +6 to +12 begins to appear in
the low mass region at 130 V, suggesting the complete dissociation of some of the Nanodisc
population (Figure S-6). At 160 V, higher mass peaks largely disappear, leaving only low
mass peaks for MSP and lipid clusters. The appearance of bare MSP at high, but not low,
collision energy further confirms the hypothesis that intact Nanodiscs are observed at low to
moderate collision energy.

These spectra suggest a comprehensive hypothesis for the behavior of Nanodisc complexes
in the gas-phase. At low to moderate CAD energies, Nanodisc complexes can be observed
with a distribution of lipids. This represents a stable ionization region where the complexes
are mostly desolvated but still intact. Increasing the source voltages (and CAD energies)
begins to strip the complexes of lipids, leaving partially dissociated Nanodiscs. At high
energies, the complex is entirely dismantled, leaving only bare MSP and lipid clusters at low
m/zrange.

Whether surfactant aggregates in the gas phase mirror solution-phase aggregates has been a
matter of debate in the field of native mass spectrometry.12 These results demonstrate that
Nanodisc complexes in the gas phase closely mirror the properties of Nanodiscs in solution.
This is likely due to the constraint from the MSP belt, which maintains the defined structure
of the Nanodisc complex. However, it is possible that ionization removes some loosely
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bound lipids, slightly down-shifting the distribution from its normal state in solution. We do
not anticipate that the lipid bilayer has inverted as seen in some micelle systems.13 However,
future studies will be necessary to examine the gas-phase structure of Nanodiscs and
determine if any structural changes occur in the ionization process.

Native electrospray MS provides structural information on protein complex subunit identity,
stoichiometry, and interactions.14-16 Native MS of membrane-bound proteins is currently
accomplished by applying moderate collision energy to “shake off” detergent so that
homogeneous membrane protein complexes emerge from heterogeneous detergent
micelles.1-1° Given the important protective nature of these micelles, there has been
significant interest in understanding the behavior of detergent and lipid complexes in the gas
phase so as to improve the ionization.8:9:12.20

Native MS for analysis of Nanodiscs holds unique potential as a launch pad for studying
membrane protein complexes. Given that Nanodiscs contain a native-like lipid bilayer, they
provide a more physiologically relevant environment to study membrane protein complexes
than do micelles. Nanodiscs are also more monodisperse than detergent micelles, and the
lipid content of the Nanodisc can be tailored to permit investigation of protein-lipid
interactions.

These results demonstrate the remarkable stability and homogeneity of Nanodiscs as well as
the degree to which native MS can maintain large hydrophobic complexes in the gas-phase.
Two previous reviews speculated that Nanodiscs could be used to solubilize membrane
proteins for native mass spectrometry.21:22 This report provides the first experimental
evidence for this possibility and lays the groundwork for characterizing various synthetic
Nanodiscs and performing and interpreting future studies of Nanodisc-solubilized membrane
complexes by top-down,2324 jon mobility, and other gas-phase analysis techniques.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Native mass spectrum at 70 V CAD of DMPC Nanodiscs (b/ack) with simulated masses of
the +22 (red), +21 (blue), and +20 (green) charge states for Nanodisc complexes with two
MSP molecules, six bound water molecules, and an average of 155 DMPC molecules.
Arrows of the same color show simulated values for Nanodiscs in the same charge state with
a varying number of lipid molecules. The average, 155 lipids, is the highest peak in each
charge state. Simulated m/z values are marked by the arrows, and their vertical position was
matched with the intensities of mass spectrum.
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Figure2.

Native mass spectrum at 70 V CAD of POPC Nanodiscs (b/ack) with simulated masses of
the +22 (red), +21 (blue), and +20 (green) charge states for Nanodisc complexes with two
MSP molecules, five bound water molecules, and an average of 141 POPC molecules.
Arrows of the same color show simulated values for Nanodiscs of the same charge state with
a varying number of lipid molecules. The highest peak in each charge series is annotated.
Simulated m/z values are marked by the arrows, and their vertical position was matched
with the intensities of mass spectrum.
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