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Abstract

Oriented sample solid state NMR (OS-ssNMR) spectroscopy allows direct determination of the 

structure and topology of membrane proteins reconstituted into aligned lipid bilayers. While OS-

ssNMR theoretically has no upper size limit, its application to multi-span membrane proteins has 

not been established since most studies have been restricted to single or dual span proteins and 

peptides. Here, we present a critical assessment of the application of this method to multi-span 

membrane proteins. We used molecular dynamics simulations to back-calculate [15N-1H] 

separated local field (SLF) spectra from a G protein-coupled receptor (GPCR) and show that fully 

resolved spectra can be obtained theoretically for a multi-span membrane protein with currently 

achievable resonance linewidths.

Solid-state NMR (ssNMR) spectroscopy is the method of choice for obtaining high-

resolution structural and dynamical information of membrane proteins embedded in native-

like liquid crystalline lipid bilayers.[1] Directionally-dependent dipolar couplings (DCs) and 

chemical shift anisotropy (CSA), which broaden signals in conventional solution NMR 

methods, are either averaged out by magic angle spinning (MAS) techniques or directly 

measured using oriented sample (OS) methods for structural restraints.[2–6] MAS-ssNMR 

mostly removes these interactions by mechanically spinning samples in a rotor about an 

angle of 54.74° at high frequency (currently over 100 kHz) to resolve isotropic chemical 

shifts (CSs) with solution-like resolution. While increasingly popular, the application of 

MAS-ssNMR to membrane proteins has been limited primarily by low sensitivity as only a 

few microliters can be packed into high-speed rotors, much of which is composed by water 

and lipid. Furthermore, poorly-dispersed isotropic chemical shifts arising from 

transmembrane (TM) α-helical residues – a common issue for membrane protein NMR in 

general – often leads to poor resolution. OS-ssNMR, on the other hand, achieves comparable 

resolution by homogenously orienting membrane proteins by either reconstitution into 

supported lipid bilayers (SLBs) or into systems that spontaneously align with magnetic 
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fields such as high-q bicelles[7] or macrodiscs.[8–9] Additionally, the anisotropic chemical 

shift tensor[10] greatly enhances CS dispersion (and resolution), while sample volumes 

upwards of 100 μL allows for milligram quantities of protein to be studied under 

physiological relevant lipid-protein ratios and hydration levels. An outstanding example was 

the use of OS-ssNMR spectroscopy to characterize the β-helical antibiotic channel-forming 

peptide Gramicidin A in lipid bilayers by Separovic and Cornell[11–13] and later on the 

determination of its high-resolution structure by Cross and coworkers.[14–15] OS-ssNMR has 

since advanced with improvements in theory, software and hardware such as the introduction 

of multidimensional separated local field (SLF) experiments,[16–20] sensitivity-enhanced 

pulse sequences,[21–22] simultaneous acquisition schemes,[23] low-E probes,[24] 

paramagnetic relaxation enhancement,[25] structural calculation methods,[26–33] higher 

magnetic fields[34] and dynamic nuclear polarization.[35–38] As a result, OS-ssNMR has 

been central to several notable structural studies including the M2 segments of the 

acetylcholine and N-methyl-D-aspartate (NMDA) receptors;[39] the filamentous 

bacteriophage fd coat protein;[40] the HIV channel-forming Vpu protein;[41–42]; the bacterial 

MerF mercury transporter;[43–45] the Influenza A M2 proton channel;[46] the β-barrel outer 

membrane protein OmpX from Escherichia coli;[47] membrane-anchored cytochrome P450 

metabolic enzymes;[48] the cardiac regulatory protein phospholamban;[49–50] the 

tuberculosis CrgA protein involved in cell division;[51] the TM domains of the adaptive 

immune system’s MHC II proteins;[52–53] the TM domain of the p24 protein involved in 

vesicle sorting and transport;[54] the Huntington 1–17 membrane anchor;[55] cell-penetrating 

peptides;[56–57] and recently an in-depth characterization into the dynamics of the dimeric 

triple-pass bacterial EmrE drug transporter[58]. Despite its potential, difficult sample 

preparation and low resolution have generally limited OS-ssNMR to studies of peptides and 

small proteins. Recently, however, linewidths as narrow as 50 Hz are starting to be reported 

with the introduction of macrodiscs.[9] Prompted by these advancements, we have devised a 

new method to test the feasibility of OS-ssNMR spectroscopy for multi-pass membrane 

proteins using computational approaches.

To assess this, we carried out molecular dynamics (MD) simulations and calculated the 

theoretical [15N-1H] SLF spectrum of the seven transmembrane (TM) β2-adrenergic G-

protein-coupled receptor (GPCR; PDB 3P0G)[59] from an MD trajectory. SLF spectra 

correlate 15N CSs with 15N-1H DCs of amide residues and are commonly acquired on 

uniformly 15N-labelled protein using PISEMA or SAMPI4 pulse sequences.[16, 18, 22] Unlike 

isotropic CSs observed in solution NMR and MAS-ssNMR, which are positioned according 

to electronic shielding or deshielding of nuclei induced by the surrounding chemical 

environment, anisotropic CSs in OS-ssNMR directly relate to time-averaged orientations of 

the chemical shift tensor components ( δ 11 , δ 22 , and δ 33 ) with respect to the magnetic 

field vector (B 0) and can be analyzed over an ensemble of MD snapshots similar to 

previously reported methods.[60] For each frame, the tensor components were projected onto 

the amide plane of each residue (see Figure 1A), with δ 11 and δ 33 lying in-plane and a 

rotation of δ 33 by 17° (polar angle β) away from the N-H bond vector (μ ).[61] The 
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normalized time-averaged orientations of each component with respect to B 0 (Z-axis of MD 

simulation) were used to find the 15N CS (δMD) (Eqn 1):

δMD = δ11 B 0 ⋅ δ 11
2

+ δ22 B 0 ⋅ δ 22
2

+ δ33 B 0 ⋅ δ 33
2

(1)

where δ11, δ22 and δ33 were 57.3, 81.2 and 228.1 ppm, respectively.[62] Angular brackets 

denote time-averages. Correct determination of these values,[63] along with proper chemical 

shift calibration,[64] will strongly impact the agreement between experimental and MD-

predicted spectra. Experimentally, however, the observed CS (δ) is also scaled by per-

residue order parameters (SNH), the order of the alignment medium (Smemb),[41] rigid-body 

dynamics of the protein (Sprotein),[65–67] and the angle of the membrane normal with respect 

to B 0 (θmemb). The 15N CS may then be adjusted according to Eqn 2:

δ = δMD − δiso ⋅ SNH ⋅ Salign ⋅ 3 ⋅ cos2θmemb − 1
2 + δiso (2)

where δiso = (δ11 + δ22 + δ33)/3. Salign is a user-defined generalised order parameter to 

account for scaling due to Sprotein and Smemb, which may not be adequately sampled by the 

simulation. Like lipid C-2H order parameters,[68] the SNH parameter for each residue was 

estimated from Z-axis fluctuation of the amide N-H bond vector (μ ) away from its time-

averaged orientation, or director axis ( μ ), and assuming fast-rotational diffusion, 

according to Eqn 3:

SNH =
3 μ ⋅ μ 2 − 1

2 (3)

Consequently, disorder due to Sprotein is implicit in SNH if rigid-body (rocking) motions of 

the membrane protein are unrestrained during the MD simulation. These motions, however, 

are usually slow on MD simulation timescales (100–1000s ns) and restraining them, or 

aligning trajectories to starting coordinates, is recommended for faster convergence of CS 

and DC values.

Lastly, the 15N-1H DC (νMD) was determined from the normalized time-average orientation 

of the N-H bond vector (μ ) by Eqn 4:

νMD = ν||
2 3 B 0 ⋅ μ

2
− 1 (4)

where ν‖ is the maximal DC and set to 10.735 kHz.[27] The experimentally observable DC 

(ν) was then determined by Eqn 5:

ν = νMD ⋅ SNH ⋅ Salign ⋅ 3 ⋅ cos2θmemb − 1
2 (5)
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The analysis was implemented using custom Tcl code built on VMD 1.9.3 functions[69] and 

available at https://github.com/weberdak/md2slf (accessed June 9th 2019) along with Python 
scripts to convert peak lists to NMR spectra in Sparky[70] format. The approach is analogous 

to restrained[26] and unrestrained[71] MD methods reported previously, but it is primarily 

intended as a post-processing method of MD trajectories to predict SLF spectra from pre-

existing structural data rather than de novo structure calculation. Therefore, this method was 

developed for convenience in early stages of spectral assignment and experimental design. It 

is applicable to trajectories obtained from any simulation package and forcefield and does 

not require advanced accelerated sampling methods. In addition, it is easy to implement 

using freely available software, customizable parameters, and can generate data that can be 

directly compared to experimental results from magnetically aligned systems. For simplicity, 

CSs and DCs were computed only from the final ensemble averages of μ , δ 11, δ 22 and 

δ 33, with SNH and user-defined parameters δ11, δ22, δ33, ν‖, Salign and θmemb, rather than at 

every frame of the trajectory as done previously.[26, 71] While CS and DC distributions 

computed from these past studies provided some insight into the broad line shapes observed 

in SLF spectra from SLBs, they appear negligible for relatively dynamic magnetically 

aligned systems where structural and topological fluctuations observed on MD timescales 

are completely averaged out on NMR timescales to yield narrow linewidths.[71] For this 

work, MD simulations were set up using the CHARMM-GUI Membrane Builder 
webserver[72–73] and run using CHARMM36 forcefield parameters[74–75] and the NAMD 

2.12 simulation package.[76] Proteins were embedded in a bilayer containing 75% DMPC 

and 25% POPC lipids to be consistent with experimental bicelle compositions used for 

magnetic alignment at room temperature.[77]

To test the accuracy of MD-predicted CSs and DCs, their back-calculated average values 

from a 150 ns trajectory of SLN (PDB 1JDM[78]) were compared against experimental SE-

SAMPI4[22] spectra using unflipped (θmemb = 90.0°) bicelles[25] (Figure 1B). A remarkable 

correlation was observed, with the largest deviation attributed to the terminal residue Y31. 

R2 values of 0.59 and 0.62 were determined for CSs and DCs, respectively, which increases 

to 0.89 and 0.87 respectively if Y31 outliers are removed. The tilt angle of SLN was 

restrained in the simulation to the experimentally determined angle[77] of 24° using 100 

kcal/mol tilt collective variable restraints available in NAMD 2.12,[76] while azimuthal 

fluctuations were left unrestrained. No adjustments of Salign (i.e., set to 1.0) was required, 

suggesting that the MD simulation accounted for the primary sources of disorder. 

Experimental and calculated 15N CS and 15N-1H DC cross-peaks are overlaid in Figure 1C 

and produce PISA (Polar Index Slant Angle) wheel patterns that reflect the periodicity of 

residues in an α-helix.[30] The ability of MD-derived SLF spectra to predict deviations from 

idealized wheels is striking, especially the far-removed peak assigned to Asn4. These results 

demonstrate that MD-based predictions of SLF spectra may be a powerful alternative to 

PISA wheel simulation methods[27] commonly used to assign and rationalize experimental 

data.

With the accuracy of MD-derived CSs and DCs established, the method was then applied to 

predict an SLF spectrum from a crystal structure of the β2-adrenergic GPCR in the active 

state (PDB 3P0G).[59] The simulated GPCR structure was prepared as per previous MD 
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studies,[79–80] with the stabilizing T4 lysozyme residues and G-protein mimetic Nb80 

nanobody removed to save computation time. Drifts to the inactive state and slow-timescale 

rocking motions were suppressed by applying 10 kcal/mol tilt and spinAngle collective 

variable restraints on backbone atoms of all TM α-helices. MD-predicted peak positions 

were then used to simulate SLF spectra (Figure 2A) into Sparky[70] format using the 

NMRGlue[81] Python library. The spectral width of the simulated spectrum corresponded to 

the 15N frequency on a 14.1 T magnet (60.8 MHz) and peaks were represented as Gaussians 

of 50 Hz FWHM linewidth in CS and DC dimensions to approximate the narrowest 

linewidths currently reported.[9] Nearly all of 276 backbone peaks simulated were fully 

resolved, demonstrating the potential for OS-ssNMR to capture high-resolution structural 

and topological information of large membrane proteins. More realistically, however, 

linewidths are often on the order of 100 to 200 Hz due to factors accompanying the 

complexity of larger systems, such as sample and structural inhomogeneity, slow-timescale 

motions,[82] mosaic spread[83] and multiple conformational states[84], for which 

spectroscopists generally benefit from employing higher field strengths and selective 

labelling and unlabelling strategies.[85–86] Additionally, simulated GPCR spectra were in the 

form of a flipped system achieved using either SLBs or bicelles and macrodiscs doped with 

lanthanides[87] to obtain a parallel orientation of the normal of the bilayer with respect to the 

static magnetic field (B0). This essentially doubles resolution by increasing dispersion of 

CSs and DCs and eliminates line broadening arising from slow-timescale uniaxial rotational 

diffusion common of larger proteins.[88–89]

Unlike SLN, PISA wheels are no longer clearly distinguishable in spectra of the GPCR due 

to crowding and peaks appear dispersed across the range of allowed combinations of CSs 

and DCs. To further rationalize the spectrum, peaks associated with residues central to each 

of the 10 helices were fit to ideal PISA models[27] (Figure 2A) by an exhaustive search[90] 

factoring in a general order parameter of 0.95 (typical of SNH) and idealized backbone 

structural parameters (i.e., bonds and dihedral angles) averaged from the MD trajectory. As 

expected, TM helices oriented parallel to the magnetic field clustered downfield of the 

spectrum, while perpendicular intra- (ICL) and extra-cellular (ECL) helices occupied the 

upfield end. Several peaks clustered in the 110 to 130 ppm range, away from ideal PISA 

positions, were mostly from flexible and unstructured residues at juxtamembrane positions. 

Helical residues of TM7 and H8 were isolated in Figure 2B (see Figure 2C for 

nomenclature) and closely resemble two PISA wheels. It is noteworthy that at 3.5 Å the 

resolution of the GPCR crystal structure (PDB 3P0G) would not allow accurate computation 

of SLF peaks directly from deposited PDB coordinates as non-refined backbone atom 

positions produce very large errors in CS and DC values[91] and do not reflect the time-

averaged nature of the measurement. The power of MD-simulation to refine these errors was 

assessed using the convergence plot in Figure 2D. Here, the final 150 ns of equilibrated 

simulation was broken into 150 blocks. From the first equilibrated frame (at 50 ns), blocks 

of frames were successively added until the end of the trajectory (200 ns), with DC and CS 

values recomputed after the addition of each block. The average drift in cross-peak 

positions, over n cross-peaks, with each successive block (+b) was determined by Eqn 6:
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SLF  Drift = 1
n ∑

i

n
CSi, + b − CSi, − b

2 + 10 DCi, + b − DCi, − b
2

(6)

where DCs were scaled up by 10 to match CS dispersion. From this plot, convergence of 

SLF values was mostly complete from just a 50 ns ensemble. Per-residue contributions to 

the final SLF drift (Figure 2E) show that at 200 ns the best approximations are made for 

structured regions, while peak positions of dynamic residues will generally require longer 

timescales, or accelerated sampling schemes, to converge.

In conclusion, we demonstrated the potential for OS-ssNMR to obtain site-resolved 

topological and structural information for large multi-pass membrane proteins through MD-

predicted [15N-1H] SLF spectra of a GPCR. Realizing this potential in practice will hinge on 

further harnessing bicelles and macrodiscs as alignment media, which have been especially 

crucial for obtaining narrow linewidths,[9] as well as providing hydration levels, lipid ratios 

and preparative routes more amendable to maintaining larger and more-complex proteins in 

a functional state. The successful use of these systems, however, remains challenging as 

variations in temperature, pH, lipid composition and the presence of membrane proteins can 

have unforeseen consequences on magnetic alignment properties. While these limitations are 

currently being addressed,[92–93] traditionally used SLBs are still utilized as a robust method 

to mechanically align proteins.[52, 94] Furthermore, the striking ability of MD simulations to 

accurately predict SLF spectra from existing structural data sets, even at low resolution, may 

position OS-ssNMR as a powerful complement to cryo-electron microscopy, which has 

proven highly successful for solving membrane protein structures in ground states. We 

envision an interplay between these two techniques may involve streamlined assignment of 

OS-ssNMR experiments to provide crucial insights into the function of membrane proteins 

embedded in fluid-phase lipid bilayers at physiological temperature.
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Figure 1: 
A) MD simulation snapshot of SLN embedded in a lipid bilayer with CS tensor components 

and the DC vectors projected onto the amide plane of each residue. B) Correlation plots 

between MD-derived and experimental CS and DC values. C) MD-derived CS-DC 

correlations (red triangles) overlaid onto an experimental SE-SAMPI4 spectrum of SLN in 

unflipped bicelles, where the normal of the bilayer is perpendicular to the direction of the 

static field (B0).[25]
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Figure 2: 
A) Simulated 15N-1H SLF spectrum (14.1 T; 50 Hz linewidths) of the β2-adrenergic GPCR 

back-calculated from 150 ns of equilibrated MD trajectory (red contours). Ideal PISA 

wheels fit to helical segments are overlaid as black lines. B) Extraction of TM7 and H8 

residues for clear comparison to PISA fits. C) Nomenclature of helical segments. D) 

Convergence of SLF peak positions with time after 50 ns of initial equilibration. E) Per-

residue contributions to the final SLF drift score after 200 ns of simulation.
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