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Abstract

Although membrane proteins are crucial participants in photosynthesis and other biological 

processes, many lack high-resolution structures. Prior to achieving a high-resolution structure, we 

are investigating whether MS-based footprinting can provide coarse-grained protein structure by 

following structural changes that occur upon ligand binding, pH change, and membrane binding. 

Our platform probes topology and conformation of membrane proteins by combining MS-based 

footprinting, specifically fast photochemical oxidation of proteins (FPOP), and lipid Nanodiscs, 

which more similar to the native membrane environment than are the widely used detergent 

micelles. We describe here results that show a protein’s outer membrane regions are more heavily 

footprinted by OH radicals whereas the regions spanning the lipid bilayer remain inert to the 

labeling. Nanodiscs generally exhibit more protection of membrane proteins compared to 

detergent micelles and less shielding to those protein residues that exist outside the membrane. 

The combination of immobilizing the protein in Nanodiscs and footprinting with the FPOP 

approach is a feasible approach to map extra-membrane protein surfaces, even at the amino-acid 

level, and to illuminate intrinsic membrane protein topology.
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Introduction

Membrane proteins are involved in crucial cellular functions, including photosynthesis1, 

respiration2 and signal transduction3. They represent ~30% of open reading frames4 of many 

genomes, and an increasing number of them are important drug targets.5 One way 

membrane proteins perform their functions is via interaction with other molecules or with 

themselves to undergo conformational changes important in signaling, for example. 

Membrane proteins are highly flexible and dynamic, enabling them to perform different 

tasks with high efficiency but making structure determination difficult. Membrane protein 

structures are notoriously difficult to resolve compared to water-soluble proteins.6 Because 

membrane proteins are hydrophobic, they need detergent for solubilizing and stabilizing 

them in water. Detergents, however, can affect protein conformation and hinder protein 

interaction with other molecules. Compared to the large number of soluble proteins, high-

resolution structures are available only for a small fraction of membrane proteins.7

Various detergents are used to extract membrane proteins from their native lipid bilayer and 

to solubilize, stabilize and enclose them in micelles.8 Unfortunately, detergents are not an 

ideal mimic of cellular environment. The different micelle sizes and curvature restrictions 

compromise protein stability and, in some cases, proper protein functioning.9 In addition, an 

excess micellar phase may interfere with the interaction with other molecules and pose 

challenges for analytical methods. To overcome these problems, researchers reconstitute 

membrane protein in monolayers, bicelles, and liposomes.

One approach that provides a better mimic of a native environment and controllable 

stoichiometry of target membrane protein is the lipid-protein Nanodisc.10 Here, two 

membrane scaffold proteins (MSP) form a double belt to enclose a lipid bilayer and form a 

water-soluble disc into which target membrane proteins can be incorporated. Under self-

assembly conditions, the oligomeric state of a target protein and the nature of the lipids 

included in the bilayer can be controlled, allowing a membrane protein to be probed from 

both the cytoplasmic and the periplasmic sides of the membrane. Thus, a Nanodisc provides 

a simple and robust means for rendering target membrane proteins in aqueous buffer while 

keeping the protein in a native-like bilayer environment.11

Membrane topology can be viewed as “an important halfway house between the amino-acid 

sequence and the fully folded three-dimensional structure”.12 Individual transmembrane 

helices can insert into a lipid bilayer in different ways, and because the proteins are 
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dynamic, they can change conformation and position. Various mass spectrometry (MS)-

based labeling methods are now being widely adopted to study those issues; one of them, 

cross-linking, has become dominant in probing protein-protein interactions.13 ther labeling 

reagents (e.g., carbodiimide compounds14), can be also used to elucidate the structure of 

membrane protein. MS-based footprinting (hydrogen/deuterium exchange (HDX) and 

reactions with •OH and other radicals) is complementary. These approaches label most of 

the amino acids to illuminate protein-protein, and protein-ligand interactions.15 HDX is 

widely used for soluble proteins, and the extent of exchange reports on H bonding and 

solvent accessibility of the protein backbone.16–17 HDX can be effective for membrane 

proteins when conducted in the presence of detergent micelles provided the protocol 

includes fast isolation, good digestion efficiency, and solubility of materials.18–19 

Footprinting, done with the FPOP platform, can label amino acids with OH radicals 

produced by photolysing hydrogen peroxide. The amino-acid reactivity with hydroxyl 

radicals is broad-based although the reactivity with amino acid side chains can vary by three 

orders of magnitude.20 The dominant product is a +16 adduct, but there are other pathways 

and products. FPOP probes solvent accessibility of different regions of proteins in a fraction 

of a second and at the amino acid level.21 The labeling is carefully controlled so that every 

fraction or plug of a flowing protein buffer solution is labeled only once. Compared to the 

more widely used HDX, the irreversible labeling provides flexibility in digestion as there is 

no concern for back exchange and good potential for general membrane protein studies, as 

lipid removal prior to MS analysis is relatively easily accomplished.

To our knowledge, only a few methodologies regarding oxidatively labeling of membrane 

proteins described so far. Sze et al.22 adopted a Fenton reaction to oxidize the outer 

membrane of porins and revealed the voltage gating of the porin OmpF in vivo. Konermann 

et al.23 carried out the first FPOP oxidative labeling of a membrane protein, 

bacteriorhodopsin, in a natural lipid bilayer environment. They found that oxidative 

modification of methionines located in solvent-accessible loops are highly oxidized 

compared to those located in the transmembrane regions, taking advantage of a protein that 

is rich in Met, which is highly susceptible to oxidative modifications. A subsequent study by 

that group revealed the conformational change of denatured bacteriorhodopsin in SDS 

compared to the native state.24

More recently, Chance used X-ray radiolytic footprinting with •OH to study structural water 

and conformational change of membrane proteins.25–26 For example, after dissolving 

rhodopsin in detergent, radiolysis-produced •OH labeled both solvent-accessible and 

solvent-inaccessible regions. The labeling of solvent-inaccessible regions may be due to 

tightly bound structural water molecules that are ionized by the radiation, produce •OH, and 

label nearby residues.27 The approach elucidates in vivo structural dynamics in integral 

membrane protein by •OH reactions.

The successful reconstitution of a variety of membrane proteins into Nanodiscs28–30 and 

characterized by other biophysical methods allows us to seek higher resolution structural 

information to complement data on the size and activity of membrane proteins. High 

motivation exists for this goal because no crystal structure exists for many membrane 

proteins including the LH2 of interest here. One approach is footprinting of target membrane 
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proteins embedded in Nanodiscs by using HDX coupled with MS. Jorgenson, Rand, Engen 

and coworkers probed the conformational analysis of γ-glutamyl carboxylase by in 

Nanodiscs by HDX MS.31 Subsequently, Jorgenson, Stafford and coworkers32 investigated 

binding of γ-glutamyl carboxylase to a propeptide, employing good separation and HDX 

MS. Recently, Adkins and coworkers33 studied the membrane interactions, ligand-dependent 

dynamics, and stability of cytochrome P450 in Nanodiscs by HDX MS. In these HDX 

studies, it is required to disassemble rapidly the Nanodisc and remove the excess lipid from 

solution prior to MS analysis while minimizing back exchange, which can be a nagging 

problem.

Another approach, which we describe here, is MS-based FPOP footprinting of a membrane 

protein complex in a near-native environment. As a model protein, we used the light-

harvesting complex 2 (LH2) from Rhodobacter (Rb.) sphaeroides, an intrinsic membrane 

protein with ~18 transmembrane helices34 We used Nanodiscs to “house” the LH2 in 

aqueous buffer prior to and during labeling by hydroxyl radicals. Unlike many other proteins 

studied in Nanodiscs, LH2 contains number of bound pigments that guide the insertion and 

provide assurance that the protein is inserted in its native state. We compared the solvent 

accessibility of LH2 from FPOP with that in detergent micelles and identified labeling at the 

residue level. Our results show that Nanodiscs generally provide a better protection of the 

transmembrane core region of protein and less shielding for the outer membrane region. The 

purpose is to develop a method for biophysical studies of membrane proteins.

Methods

Footprinting of Nanodisc-LH2 and detergent micelle-embedded LH2

The LH2 concentration was estimated by using the molar absorptivity of B850 

bacteriochlorophyll a35, and the MSP concentration was calculated according to the 

predicted molar absorptivity at 280 nm and used for the following experiments.36 The LH2-

Nanodisc sample was dissolved in PBS buffer to the specifications: 2 µM of Nanodisc-LH2, 

350 µM of histidine, 5 µM of [leu5]-enkephalin (reporter peptide), and 20 mM of H2O2. The 

LH2 dissolved in PBS buffer containing 0.02% DDM, 2 µM of LH2, 2 µM of MSP, 350 µM 

histidine, 5 µM of [leu5]-enkephalin (reporter peptide), and 20 mM H2O2. To minimize any 

pre-oxidation by H2O2, it was added immediately into the solution prior to loading the 

syringe pump. The FPOP experiment was performed as previously described.37 The energy 

of the KrF excimer laser (GAM Laser Inc., Orlando, FL) was adjusted to 22.3 mJ, and 

sample flow rate was 22 µL/min to ensure a 20% exclusion volume. After laser-induced 

labeling, each sample was collected in a vial containing 10 mM catalase and 20 mM Met to 

eliminate leftover H2O2. Control samples for both Nanodisc- and detergent-LH2 were 

handled in the same manner without laser irradiation. All experiments were performed in 

triplicate. For each collection, the buffer was divided into two portions. Formic acid (1%) 

was added to one portion prior to desalting with a Sep pak C18 (Waters Inco., Milford, MA). 

The other portion was precipitated with acetone and dissolved in buffer containing 100 mM 

Tris, 1 mM CaCl2, and 0.02% RapiGest SF (Waters Inco., Milford, MA). Digestion was at 

37 °C for 1 h with chymotrypsin (Promega Corporation, Madison, WI) and subsequently 

quenched by FA (1%).

Lu et al. Page 4

Anal Chem. Author manuscript; available in PMC 2017 September 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MS analysis

Peptide mixtures were trapped by a guard column (Acclaim PepMap100, 100 µm × 2 cm, 

C18, 5 µm, 100 Å; Thermo Fisher Scientific, Breda, Netherlands) and then fractionated on a 

custom-packed Magic C18 reversed-phase column. The MS analysis was with a Thermo 

Scientific™ Q Exactive™ hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher 

Scientific, Bremen Germany). Peptides were eluted with a 85 min, 250 nL/min gradient 

coupled to the nanospray source. A 50 min, 250 nL/min gradient was adopted for the 

reporter-peptide analysis. The default charge state was 2, and the scan range was from m/z 
380-1500. Mass spectra were obtained at high mass resolving power (70,000, FWHM at m/z 
200) and the top 15 most abundant ions corresponding to eluting peptides per scan were 

submitted to CID in the ion trap, with charge-state rejection of unassigned and >8 ions 

enabled. Precursor ions were added to a dynamic exclusion list for 8 s to ensure good 

sampling of each elution peak.

Data analysis

Details of data processing are in supplementary information.

Sequence alignment, topology prediction and homology modeling

Sequence alignment of LH2 from different purple bacteria was performed by an online web 

server.38 The TOPCONS web server was adopted for prediction of LH2 topology.39 

Homology models of LH2 from Rb. sphaeroides were generated, as previously described.40 

The heterodimer models (α and β) were based on PDB 1NKZ and processed by Pymol41 

(The PyMOL Molecular Graphics System, Version 1.7.4 Schrödinger, LLC.).

Results and discussion

Characterization of the Nanodisc containing LH2

The model membrane protein in this study is LH2, a protein complex belonging to the 

photosynthetic antenna family whose primary function is to harvest light and transfer 

absorbed energy to a reaction center. It is important to characterize the protein in Nanodiscs 

and detergent prior to footprinting to insure that our comparisons are valid and that the 

Nanodisc indeed contains the intact complex. An advantage of using LH2 is the Nanodisc-

protein can be convincingly characterized by absorption and fluorescence spectroscopies. 

Ideally, LH2 preparations in Nanodiscs and detergent media should show identical 

absorption spectra with characteristic well-developed and resolved electronic absorption 

bands for bound pigments (i.e., B800 and B850 bands at 800 and 850 nm associated with 

bacteriochlorophyll a, and carotenoid (spheroidene) absorption band between 480 and 515 

nm). This essential analysis shows that the pigment environments are not fundamentally 

altered in the two preparations (Figure S1).

In addition, the intact LH2 complex can be probed by time-resolved fluorescence using the 

B850 emission. The B850 fluorescence decay lifetime of this LH2 complex is typically ~ 1 

ns42, and any significant variation of this value will indicate perturbation of the B850 

bacteriochlorophyll a array. Furthermore, different excitonic coupling in the B850 exciton 

will alter the rate of radiative decay. Alternatively, a significant reduction of fluorescence 
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lifetime of the Nanodisc-LH2 would indicate that the Nanodisc bundles more than one LH2 

complex and allows formation of oligomeric LH2 structures. As shown in Figure S2, 

however, the B850 fluorescence lifetimes are essentially the same for both preparations and 

fit the expected time range for monomeric and not structurally deficient or altered LH2. To 

add certainty, we also used the A850/A280 ratio as a marker of the LH2 purity. The ratio for 

LH2 in detergent (3.05) should be higher than in in the Nanodiscs (2.34) because the MSP 

also contributes to the absorption at 280 nm and lowers the ratio. Furthermore, a calculation 

based on molar absorptivity indicates that the Nanodisc contains one LH2 complex and that 

some (~75%) of empty nanodisc is also present.

To complete the characterization of the protein preparation, we used dynamic light scattering 

(DLS) to characterize rapidly the particle size of the Nanodisc.43 The homogeneity of 

empty- and LH2-embeded Nanodiscs is revealed by the size distribution (Figure S3). The 

result (diameter ~10 nm) is consistent with a previous report44 and demonstrates that the 

Nanodisc-LH2 is slightly larger compared to the empty-Nanodisc. This perturbation is 

probably caused by expansion of the disc induced by the LH2 residing in its middle, and it is 

consistent with a previous report that shows that addition of a target membrane protein into a 

Nanodisc slightly enlarges its dimensions.45

Feasibility of FPOP to membrane proteins

We are advocating irreversible labeling with the hydroxyl radical to permit, prior to the MS 

analysis, easier lipid removal such as acetone precipitation, chloroform/methanol extraction, 

and other forms of off-line desalting by use of reversed-phase cartridges. Indeed, we adopted 

acetone precipitation, and we could remove most of the lipid after processing. Moreover, we 

could obtain complete coverage (100%) in the digestion of the α and β subunits in LH2 

(Figure S4) and extend the analysis from the peptide to the amino-acid residue level in some 

cases. Our results show that the regions that are likely to be in the cytoplasmic or 

periplasmic space undergo a higher extent of oxidative labeling compared to the regions of 

the protein deeply embedded in the Nanodisc (Figure 1). The MSP proteins that wrap around 

the lipid bilayer also become labeled to different extents for different regions.

Membrane protein in detergent micelle vs. Nanodisc

Because both lipids and detergents are prone to oxidative modifications by •OH46–47, we 

measured the hydroxyl radical reactivity in the two environments normalized to the labeling 

yield of a reporter peptide (i.e., the five amino-acid leu enkephalin)48. In this way, we can 

compensate for any differences in protein reactivity introduced by changing from detergent 

to Nanodisc. We found that the oxidation level of the reporter peptide in Nanodiscs is 1.67 

times greater than with the DDM micelles under the same experimental conditions (Figure 

S5). Due to the lack of high resolution structure, we then used homology modeling with the 

known structure of LH2 from Rps. acidophila 49 and obtained a result with the high certainty 

(99.9%) to assist the discussion of the results.

Although large amounts of lipids are present in the Nanodisc, their alkyl tails are embedded 

and not highly available for reaction with free radicals. Coarse-grain molecular dynamics 

simulations reveal that the lipids in the Nanodisc have higher acyl tail order than lipids in a 
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lamellar bilayer phase.50 The detergent, however, exists as a monomer at low concentration, 

and when its concentration is increased above the critical micelle concentration (CMC), it 

self-associates to form non-covalent micelles. Although a spherical detergent micelle is 

often viewed as uniformly packed, they are not, and the octyl glucoside micelles contain a 

distribution of surfactant molecules. Instead of a static shape, as usually assumed, those 

different size micelles fluctuate between spherical and near-ellipsoidal shapes.51 And not all 

hydrophobic tails are buried or point toward the center of the micelle; rather the micelle 

surface is rough and heterogeneous. Furthermore, the state of detergent micelles and of 

detergent-protein micelles is relatively dynamic, undergoing rapid exchange of detergent and 

solvent.52 Thus, a detergent is more likely to quench •OH than a Nanodisc.

Considering now the protein complex in a Nanodisc, we find, as expected, that the solvent-

exposed terminal regions of LH2 undergo greater oxidative modification than the 

transmembrane regions. (Figure 1). Although this is the case for both the detergent and the 

Nanodisc, we expect that the hydrophobic regions of a membrane protein will be protected 

less in a detergent micelle than in Nanodiscs, and this is seen for all regions of LH2 where 

the oxidation level is larger in the presence of detergent micelles than of Nanodiscs. 

Nevertheless, the overall reactivity trends are similar, suggesting that detergent micelles do 

provide a similar environment to the lipid bilayer. A previous study shows that detergent 

molecules in a globular micelle can exchange over hundreds of nanoseconds with detergent 

molecules in a micelle bound to a protein.53 For example, the dynamic fluctuations of 

OmpA protein are 1.5 times greater in the micellar environment than in the lipid bilayer, and 

this increased overall mobility may be attributed to the increased diffusion properties and 

reduced packing of detergent molecules.54 The differences we observed are in accord with 

those results, suggesting that membrane proteins in detergent micelles have more flexibility 

and solvent accessibility compared to in a lipid Nanodisc. For the methionine residues 

located in the transmembrane region of LH2, the Nanodisc affords even more protection 

than detergent micelles. This region of LH2 is embedded in the lipid bilayer of a Nanodisc 

but only closely associated with hydrophobic tails in the detergent (Figure S4).

Methionine as a marker in membrane protein labeling by FPOP

A previous study of bacteriorhodopsin reported extensive oxidation of only methionines 

located in its solvent-accessible loops.24 For LH2 in our study, Met is also relatively 

reactive, but the protein reactivity occurs on many residues besides Met. For each 

heterodimer (α and β) composing the ring of LH2, there are three Mets (Figure S7). One is 

probably in the transmembrane region, and the other two are near the N-terminus. LH2 in a 

lipid bilayer exhibits higher protection for the regions containing Met compared to those in a 

detergent micelle. According to the homology modeling, the N-terminal Met of the α 
subunit is not protruding into the outer region of the membrane but instead is bent toward the 

inner region of a lipid bilayer40 where it coordinates the central Mg2+ ion of a nearby 

bacteriochlorophyll a, and preserves the planar conformation of the pigment molecule.

The axial coordination of a central Mg2+ ion is crucial for all the photosynthetic chlorophyll-

proteins, in terms of both structure and function.55 A carboxyl modified Met1 of the α 
subunit from Rhodopseudomonas (Rps.) acidophila is ligated to Mg2+ of B80049 whereas 
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for Rhodospirillum (Rs.) molischianum56, the corresponding ligand is Asp6. For both these 

structures, the N-terminal regions of the α subunits exist as a loop structure but are closely 

associated with the transmembrane regions owing to its coordination with B800. In our 

homology model, the N-terminal of α subunit of the LH2 from Rb. sphaeroides is also 

closely associated with the transmembrane region. (Figure 2 and see figure S6) The Met 

located in the transmembrane region of the protein shows a similar oxidative modification to 

the one located on the N-terminal of the α subunit. The first few amino acids on the N-

terminal end of the β subunit are not covered in the homology model (see Figure S7). We 

suggest this Met is pushed out of the membrane and undergoes relatively high oxidative 

modification. As a reference, the methionine-containing peptides from the MSP of the 

Nanodisc show a 0.15-0.60 range of oxidation. To provide a coarse-grained view of the 

locations of those three Mets in the ring structure, the corresponding residues in PDB 1NKZ 

are labeled in Supplementary figure. We conclude that the extent of oxidative modification 

of the highly reactive Met is a good marker for the topology of transmembrane proteins on 

the FPOP platform.

Locating the membrane protein in the lipid bilayer

Membrane proteins are closely associated with lipid bilayers, and their integral 

transmembrane domains are more deeply embedded in those membranes than are exterior 

regions. It is intriguing to probe the interaction of lipid bilayer with different domains of 

membrane proteins. The lipid hydrophobic tails are closely associated with the LH2 

hydrophobic transmembrane domains, and their lengths determine the thickness of the 

membrane core (typically ~ 3 nm). The thickness of the polar head of lipids on each side is ~ 

1.5 nm.57–58 Siuda et al.59 observed that the Nanodisc thickness is smaller near the MSP 

double belt, owing to the perturbation from boundary lipids. The average thickness of 

MSP1E3, which is the MSP we used for the LH2-Nanodisc, obtained by applying small-

angle X-ray scattering (SAXS), is 4.6 nm. Previous studies showed the Stokes diameter of 

MSP1E3 is 12.1 nm, whereas SAXS gives a value of 12.8 nm.10 LH2, mapped by atomic 

force microscopy, shows average center-to-center distances between complexes within the 

dimer as 7.7 nm.60 The above values show that although the LH2 has a relatively large 

transmembrane domain, it could be positioned in the middle of the MSP1E3D1 Nanodisc. 

Those values also strongly suggest that only a single LH2 complex can be incorporated into 

the Nanodisc.

Although an increasing number of high-resolution crystal structures of membrane proteins 

are published every year, it is necessary to picture the topology of membrane protein sitting 

in the dynamic membrane bilayer. To do this, we adopted the TOPCONS web server 61 for a 

consensus prediction of the structural and functional features, membrane-inside and outside 

(i and o, respectively). In addition, we used a biological hydrophobicity scale to predict the 

free energy of membrane insertion centered on each position in the sequence.39 

Experimental data, however, are needed to confirm the topology and conformation of 

membrane proteins. Oxidative labeling shows that the terminal ends of the two 

transmembrane helices are more heavily solvent-accessible than are the integral regions. The 

oxidative modification levels are generally in accord with the free-energy trends. For 

transmembrane regions, little or no oxidative modification occurs. Further, LH2 in the 
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Nanodisc shows a lower level of oxidation compared to the one in detergent, suggesting 

better protection of LH2 in a lipid bilayer (Figure 1).

The Met in the N-terminal end of the α subunit, as discussed above, is pointed inward to 

coordinate a pigment molecule. Thus, the oxidation level of this Met is not high compared to 

the other Met residues in the protein assembly (Figure 2). The C-terminal end of the α 
subunit is highly modified even though no highly reactive methionine is present (Figure 1a). 

This region, as modeled with 99.9% confidence to the crystal structure of the LH2 from Rps. 
acidophila, shows a helix-loop sticking out of the “ball” structure (Figure 3). This region has 

an extended conformation that passes between the β-chains of the neighboring heterodimers, 

and the large occupancy volume indicates high flexibility.49 The extracted ion 

chromatogram (EIC) of the oxidized form (+ 16) shows one major and two minor peaks 

(Figure S8). The product-ion spectra (Figure S9a-e) reveal that the first two minor peaks 

represent the peptide with oxidatively modified Tyr, Ser and Val, and the major peak 

represents the peptide with an oxidized Pro. Because the elution time for peptides containing 

oxidized Tyr, Ser or Val are overlapping, we cannot differentiate the modification extents of 

those residues in detergent or in the Nanodisc. The rate constants of Pro, Ser and Val with 

•OH are of the same order of magnitude but an order of magnitude lower than that for Tyr.19 

The high oxidative extent of Pro and low level of Tyr should be related to the protein 

conformation of this region. The 2.0 Å crystal structure of the LH2 from the template shows 

that the glucoside head groups of the rhodopsin glucoside carotenoid molecule (RG1) are 

located at the cytoplasmic surface whereas the second carotenoid (RG2) is at the periplasmic 

surface (Figure 4).49 Raman scattering, however, shows no bands that could be attributed to 

RG2.62 Later, the authors claimed that this RG2 site is actually occupied by a mix of BOG 

and LDAO molecules, owing to incomplete detergent exchange. This RG2 was located 

adjacent to the Tyr residues, as shown in Figure 4. Our results also suggest that this Tyr site 

is relatively solvent-inaccessible owing to its association with detergents/lipids. The crystal 

structure shows Pro is facing inward and the other residues are either shielded by the 

detergent/lipid molecules (Tyr-Tyr in PDB 1NKZ, Tyr-Tyr in the homology model) or 

adjacent to the C-terminal end of the β subunit (Gly in PDB 1NKZ and Ser in the homology 

model) with the exception of valine (Figure 4a-c). We propose that the association of 

transmembrane helices with detergents/lipids in the hole or center of the LH2 ring complex 

is different than outside, similar to the lipids adjoining the MSP in the Nanodisc where the 

thickness of the disc is smaller. This may be a result of distorted packing of the lipids to 

minimize any hydrophobic mismatch at the protein-lipid interface.59, 63 It is interesting that 

the Pro exhibits lower oxidative modification in Nanodiscs, which is consistent with the 

behavior of other peptides/residues in LH2. Other residues (Tyr, Ser and Val) in this peptide, 

however, exhibit slightly higher levels of oxidation in Nanodiscs than in detergent, 

suggesting that the lipids provide better protection of proline compared to the detergent 

micelle, while the other residues are slightly more exposed in the lipid bilayer (Figure 4d). 

The detergent micelle might hinder the solvent accessibility of a number of residues on the 

surface of the C-terminal end of the α subunit, whereas relatively more regularly packed 

lipids in the Nanodiscs exhibit lesser blocking.

The C-terminal loop domain of the β subunit (AAAATPWLG), does not extend from the 

membrane but more likely exists at a water/lipid interface and bends inward (Figure 3), 
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consistent with its low oxidative labeling (Figure 1b). Although Trp, a highly reactive 

residue with •OH, is present in this subunit, no prominent oxidative modification occurs for 

it (Figure 1b). MS/MS shows only the terminal Pro, Trp and Leu are oxidatively modified 

(see Figure S9f-h) but not Gly, which is inert to FPOP.

The consensus from TOPCON also indicates that the N-terminal end is much less 

hydrophobic than the C-terminal end. The former contains an N-terminal Met that undergoes 

the highest oxidative modification of all the Mets (Figure 2). This Met in the β subunit has 

higher solvent-accessibility than the others. Although this region is not covered in our 

homology model40, it may exist, on the basis of LH2 from Rps. acidophila49, as an 

elongated peptide region attached to the homology model (Figure S7). This region extends 

beyond the membrane and has good solvent accessibility (Figure 1b). The remaining part of 

the LH2 is approximately 5 nm in length (Pymol), a length that is nearly the same as the 

width of the Nanodisc (4.6 nm)59 (Figure S10). On the basis of the above discussion, we can 

propose a borderline between the solvent accessible domains and the domains that are 

embedded in hydrophobic tails of lipids (Figure 5).

The final question we want to address is the topology difference of the two β subunits; this 

topology could be crucial for the function of LH2.64 The function of the second copy of β 
subunits was previously investigated by amplifying and cloning the Puc2BA operon of Rb. 
sphaeroides. The resulting LH2 is spectroscopically distinct from the Puc1BA encoded LH2 

with a blue-shifted B850 absorption band at 846 nm.65 Another study found that Puc2AB-

encoded LH2 is predominant under high light and as it acclimates to low light.66 To assess 

the solvent accessibility and topology of the two β subunits, we compared the oxidation 

levels of the N-terminal peptides from the subunits. We used the longer peptide on the N 

terminal end for this comparison as the signal intensity of the shorter β2 peptide was too 

low. Because a highly reactive Met is present on the N-terminal end of the β1 subunit and 

not on the β2 end, it is difficult to make a fair comparison. No oxidation of Val and Trp 

occurs for the β1 subunit, whereas ~ 6% of oxidative modification of Val or Trp occurs in 

the β2 subunit (Figure S9i-l and Figure S11). This result suggests that the regions adjacent to 

Val and Trp of the β2 subunit are more exposed to the cytoplasmic space than is β1. 

Although the roles of the two copies of β are still not fully understood, this study provides 

another perspective.

Conclusions

We describe here an MS-based platform to map the topology and conformation of an 

intrinsic membrane protein complex. To the best of our knowledge, this is the largest 

transmembrane assembly successfully inserted into Nanodiscs. Although this large protein 

complex has overall ~18 transmembrane helices and most are embedded in the lipid bilayer, 

there is only one transmembrane helix for each subunit. The outer-membrane structures are 

short and have little higher order structure, affording an opportunity to understand steric 

shielding at the interface of lipid/water.

We probed the LH2 topology and conformation in both lipid Nanodics and detergent 

micelles. The oxidative-modification extents of peptides/residues show that Nanodiscs 
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generally provide better protection for LH2 than do detergent micelles. For residues located 

at the membrane interface, there is also less shielding in the Nanodisc system. Nevertheless, 

Met residues show high modification propensity and may be a good marker for comparing 

solvent accessibility of different regions. Isolation of protein from lipids prior to MS 

analysis is less constrained with FPOP footprinting than with HDX. Lipid Nanodiscs offer 

accessibility from both sides of the membrane and the opportunity to assess topology and 

conformation of membrane protein in a near native-state. Thus, a platform involving proteins 

inserted in a Nanodisc and their footprinting by FPOP is promising for studying membrane-

protein topology. It offers the opportunity to determine interactions of membrane protein 

with other molecules, conformational changes of membrane proteins induced by various 

factors, and the lipid influence on membrane proteins. The ultimate goal is to use FPOP or 

other footprinting for in-cell footprinting.

Jones and coworkers67 successfully did the first in-cell FPOP labeling and found oxidative 

modification of proteins, including several membrane proteins, within various subcellular 

compartments. The in-vitro membrane-protein footprinting in in a relevant Nanodisk 

reported here, however, is necessary to answer systematically detailed biophysical questions 

as a preamble to in-cell footprinting, and this is the purpose of our report. Although 

detergent micelles are the most widely used medium, Nanodiscs are a better mimic as they 

provide a more native-like lipid bilayer environment. To address a membrane protein in 

those two popular vehicles, the FPOP platform can offer a zoom-in picture of many of the 

amino-acid residues of the membrane protein, setting the stage for later in-cell studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A. Oxidation levels of α subunit peptides (peptides in detergent are in blue and in Nanodiscs 

are in red). B. Oxidation level of β1 subunit peptides (Peptides in detergent are in blue, and 

in Nanodiscs in red). The lower panels in both shows the consensus prediction of membrane 

protein topology by the TOPCONS web server.
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Figure 2. 
Oxidation level of Met in detergent micelle/Nanodisc environment. Met are labeled in 

orange and the proposed positions of Met are shown as orange dots. The proposed N-

terminal of β subunit (MTDDLNKVWPSG) is shown as a red line. Results for Mets when 

the protein is in detergent are in blue; in Nanodiscs in red.
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Figure 3. 
Peptides on the C-terminal of α subunits are in red in both the homology model 

(PAYYQGSAAVAAE) and PDB 1NKZ (YWQGGVKKAA). Peptides (PWL) on the C-

terminal of β subunits are in blue in both the homology model and PDB 1NKZ. (Full length 

C-terminal cannot be shown here because it is not covered 100% in the homology model).
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Figure 4. 
The homology model (panel c) and PDB 1NKZ (panel a and b) were used to show the 

residues being discussed in the paper. The second carotenoid (RG2) is shown in yellow as 

spheres. Prolines in both structures are in orange; Tyr-Try in PDB 1NKZ and the 

corresponding Tyr-Tyr in homology model are in blue; Gly and Lys in PDB 1NKZ and the 

corresponding Ser and Val in homology model are in red. Panel d shows the oxidation level 

of proline vs. other residues. Results from the complex in detergent are in blue, and in 

Nanodiscs in red.
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Figure 5. 
Proposed borderline between the solvent-accessible domains and the domains embedded in 

hydrophobic tails of lipids. The heterodimer is shown by the homology model, and the half-

ring structure is shown by PDB 1NKZ. The proposed position of β subunit N-terminal 

(MTDDLNKVWPSG) is in purple in the isolated heterodimer, the proline in C-terminal of 

α subunit is shown in red and the C-terminal of β subunit is shown in blue. The perturbed 

lipids packing inside the ring is presented here as cartoon.
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