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Membrane proteins perform many important cellular functions. Historically, structural studies of these
proteins have been conducted in detergent preparations and synthetic lipid bilayers. More recently,
magic-angle-spinning (MAS) solid-state NMR has been employed to analyze membrane proteins in native
membrane environments, but resonance assignments with this technique remain challenging due to lim-
ited spectral resolution and high resonance degeneracy. To tackle this issue, we combine reverse labeling
of amino acids, frequency-selective dipolar dephasing, and NMR difference spectroscopy. These methods
have resulted in nearly complete resonance assignments of the transmembrane domain of human LR11
(SorLA) protein in E. coli membranes. To reduce background signals from E. coli lipids and proteins and
improve spectral sensitivity, we effectively utilize amylose affinity chromatography to prepare mem-
brane vesicles when MBP is included as a fusion partner in the expression construct.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Sophisticated methods for using magic-angle-spinning (MAS)
solid-state NMR (ssNMR) to characterize membrane proteins in
biological membrane environments have been developed in the
past decade [1–5]. Both isolated membrane vesicles (in situ) and
intact cells (in-cell) can be used effectively with MAS ssNMR. With
targeted sample preparation aimed at reducing the signals of back-
ground lipids and proteins [6,7] and 1H-detection and dynamic
nuclear polarization (DNP) techniques to improve spectral sensi-
tivity [8–17], in situ and in-cell ssNMR have provided unique
insights into the effects of complex biological membranes on the
structure and dynamics of membrane proteins and their complexes
[18–24]. For example, ssNMR studies of M2 [25], DAGK [26], PagL
[27], Mistic [16], CsmA [28], ASR (Anabaena sensory rhodopsin) [7],
and Aquaporin Z [29] in biological membranes validated structures
that were previously determined using model membrane systems.
In contrast, spectral differences of Yidc in E. colimembrane vesicles
and in reconstituted proteoliposomes indicated that protein con-
formation and dynamics likely differ in E. coli cells [30]. In most
of these studies, resonance assignments of in situ ssNMR spectra
were transferred from their assignments in model membrane
systems, and de novo assignments proved difficult due to limited
spectral resolution.

The inherent challenges of assigning in situ ssNMR spectra are
illustrated by our study of the transmembrane domain (TM) of
human LR11 (SorLA) in E. coli membrane vesicles. LR11 is a neu-
ronal type I transmembrane protein that regulates the trafficking
and processing of human amyloid precursor protein, which is cen-
tral to the pathology of Alzheimer’s disease [31–34]. Despite the
fact that we were able to assign ~ 50% of LR11 TM residues with
13C-13C homonuclear correlation experiments in our early study
[35], assigning remaining residues has been arduous. The 13C reso-
nance linewidth is ~1 ppm in our in situ NMR spectra, but the 15N
linewidth is >2.0 ppm despite our extensive efforts to optimize
sample preparation and experimental conditions for NMR data col-
lection. The measured 15N transverse relaxation time of approxi-
mately 6 ms on a 600 MHz instrument (14.1 T) indicates that 15N
resonances suffer from heterogeneous broadening, most likely
due to the complex E. coli membrane environment. As a result,
standard 3D assignment experiments such as CANCO, CONCA,
NCACX, and NCOCX are not effective. Additionally, the LR11 TM
domain is rich in hydrophobic amino acids including Leu and Val,
which cause severe spectral overlap. Amino acid selective labeling
[36], a technique commonly used to reduce the number of
observed resonances, is not effective in situations like these since
13C chemical shifts of a particular amino acid usually overlap in
the same spectral region. Amino acid 13C-15N pairwise labeling is
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useful but expensive. Here, we report on tackling these difficulties
by using a combination of the reverse amino acid labeling strategy
[37–40], spectral editing techniques [41–48], and difference spec-
troscopy. And, by taking advantage of the maltose-binding protein
(MBP) fusion protein, we have been able to conveniently and effec-
tively use amylose affinity chromatography to prepare inner mem-
brane (IM) vesicles that contain our targeted protein. This
approach to sample preparation has improved spectral sensitivity
and the suppression of background signals from E. coli lipids and
proteins.
Fig. 1. Pulse sequences for spectral editing. (a) REDOR-edited 13Ca-13C0 correlation.
The first Gaussian 90� pulse (blue) is used to select Ca resonances for evolution in
the t1 dimension, while the second Gaussian 180� (blue) is applied to the C’ region.
The 180� pulse in red on the 15N channel is used to turn the 13C0-15N dipolar
recoupling on or off. Without this pulse, the 13C0-15N dipolar couplings are
refocused and no 13C0-15N dipolar dephasing takes place. When this pulse is
applied, the 13C0-15N dipolar couplings are reintroduced, resulting in dephasing 13C0

resonances in 13C0-15N spin pairs. A Z-filter is used before detection to ensure that
only signals originating from the longitudinal magnetization are recorded in the t2
dimension. The phase cycling is: /1 = 1 3; /2 = 0 0 2 2 2 2 0 0; /3 = 1 1 3 3; /4 = 3 3
1 1; /5 = 1 3 1 3 3 1 3 1; /6 = 0 0 0 0 0 0 0 0 2 2 2 2 2 2 2 2; and the receiver
phase = 0 2 2 0 2 0 0 2 2 0 0 2 0 2 2 0. (b) FDR-edited 15N-13Ca correlation, where the
red 90� pulses on the 13C channel turn the 13C0-15N dipolar dephasing on or off.
Without these pulses, no 13C0-15N dipolar dephasing takes place. With these pulses,
the recoupled dipolar interactions attenuate 15N resonances in 13C0-15N spin pairs.
The phase cycling is: /1 = 1 3; /2 = 0 2 0 2 0 2 0; /3 = 0; /4 = 0 0 2 2 1 1 3 3; and the
receiver phase = 0 2 2 0 1 3 3 1. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
2. Materials and methods

LR11 TM was expressed in E. coli BL21 CodonPlus (DE3) RIPL
cells using a MBP expression vector according to procedures
described previously [35,49]. Briefly, cells were grown in 4–5 mL
LB medium at 37 �C overnight and then inoculated in 250 mL M9
medium supplied with 13C- D-glucose (4 g/L) (Cambridge Isotope
Laboratories) and 15N-NH4Cl (1 g/L) (Sigma-Aldrich). For amino
acid reverse labeling samples, natural abundance amino acids
(1 g/L) were added to 13C/15N M9 media. Protein expression was
induced at OD600nm of 0.6–0.9 with 1 mM Isopropyl b-D-1-
thiogalactopyranoside (IPTG) at 16 �C for ~24 h. Cells were har-
vested by centrifugation and stored at �80 �C until use.

For the preparation of LR11 TM in E. coli membrane vesicles,
cells were incubated on ice for 20 min and then resuspended in a
lysis buffer containing 20 mM Tris-HCl, 500 mM NaCl, pH 8.0,
ready-LyseTM Lysozyme (30 mg/L), and OmniCleaveTM Endonucle-
ase (Epicentre, 250 units/L). The cell suspension was sonicated on
ice for a total 6 min with 3 s on and 7 s off. The cell lysate was cen-
trifuged at ~30,000g for 20 min to remove insolubles. For the
preparation of crude membrane samples, the supernatant was
mixed directly with 300–500 units thrombin (EMD Millipore Corp)
and slowly rotated overnight at room temperature to cleave the
MBP fusion protein completely. For the preparation of IM samples,
the supernatant was loaded onto a column containing 3–5 mL
amylose resin. After incubation for 1–2 h, the column was washed
with 80 mL PBS buffer containing 10 mM Na2HPO4, 1.8 mM KH2-
PO4, pH 7.3, 137 mMNaCl, and 2.7 mM KCl. LR11 TM in IM vesicles
was eluted with a PBS buffer containing 30 mM maltose. The elute
was then mixed with 300–500 units of thrombin and slowly
rotated overnight at room temperature to cleave the MBP fusion
protein. Membrane pellets were isolated by ultracentrifugation
at ~160,000g for 1 h, and washed several times with a buffer of
20 mM Hepes, pH 7.0, and 50 mM NaCl to further remove residual
cleaved MBP. About 30 mg sample was packed into a 3.2 mm rotor
for ssNMR experiments.

All NMR experiments were carried out on Bruker 500 MHz
Avance II, 600 MHz Avance II or 800 MHz Avance III spectrometers
using an E-free or home-made low-E 3.2 mm HCN triple-resonance
MAS probe. Fig. 1 shows the pulse sequences used in our experi-
ments. In the rotational-echo-double-resonance (REDOR)-edited
13Ca-13C0 correlation experiment (Fig. 1(a)), 13Ca resonances are
selected after the cross-polarization (CP) from 1H to 13C and
evolved in the t1 dimension, followed by the magnetization trans-
fer from 13Ca to 13C’ by radio frequency-driven recoupling (RFDR)
[50]. A 13C0-15N dipolar dephasing period, during which the
13C0-15N dipolar interactions are reintroduced by the REDOR
sequence [43], followed by a Z-filter, is inserted before detection.
As a result, the resonance intensity of 13Ca-13C0 cross-peaks preced-
ing 15N-labeled residues is greatly reduced while the intensity of
13Ca-13C0 cross-peaks preceding unlabeled residues (which con-
tain14N) remains unchanged. When the REDOR dephasing is off,
spectra similar to conventional 13Ca-13C0 correlation spectra are
produced. Fig. 1(b) is the pulse sequence for the frequency-
selective dipolar recoupling (FDR)-edited NCA experiment [45].
In this sequence, after 1H to 15N cross-polarization, a 13C0-15N
FDR dephasing period [51] followed by a Z-filter, is introduced
before the 15N magnetization is evolved in the t1 dimension and
then transferred to 13Ca for detection. As a result, most of the
intensity of the 15N-13Ca cross-peaks succeeding 13C0-labeled resi-
dues is reduced, while the intensity of the 15N-13Ca cross-peaks
succeeding unlabeled residues (which contain 12C) is minimally
affected. Unless otherwise indicated, a ramped cross-polarization
(CP) [52] of 500 ls with an 80–100% linear amplitude was used
and the SPINAL decoupling sequence [53] with a 1H radiofrequency
field (RF) of 100 kHz was applied for proton decoupling. Typical 90�
RF pulse lengths were set to 4 ms for the 13C channel, 4.5 ms for the
15N channel and 2.5 ms for the 1H channel. The 13C chemical shifts
were referenced to the carbonyl carbon of glycine at 178.5 ppm
(instead of 176.4 ppm used in our previous work) and the 15N
chemical shifts were referenced indirectly accordingly to the gyro-
magnetic ratio of 15N/13C. NMR data were processed and analyzed
with Topspin software.
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3. Results and discussion

3.1. Reducing E. coli background signals and improving spectral
sensitivity

The success of in situ ssNMR relies on careful sample prepara-
tion that minimizes NMR signals from background proteins and
lipids so that most observed resonances are from targeted mole-
cules. Early studies of bacteriorhodopsin (bR) benefited from the
fact that bR is the most abundant component of the purple mem-
brane (75%) [54]. Applying a similar logic, in 2011 we optimized
3

conditions to maximize the expression of human LR11 TM in bac-
teria and characterized its secondary structure in E. coli mem-
branes [35,49]. Subsequently, Baker et al. employed rifampicin to
reduce endogenous protein expression during the induction of
recombinant protein expression [6]; this created ‘‘isotopically”
invisible E. coli background signals. However, when applied to
our system, this approach significantly reduced the expression of
LR11 TM. Other researchers have minimized background signals
by using a sucrose gradient and a metal affinity two-phase separa-
tion method to selectively enrich membrane vesicles that contain
targeted proteins [7,27,55,56]. The envelope of E. coli includes
two distinct bilayers, the outer (OM) and inner membranes (IM),
and the OM accounts for ~2/3 of the mass of crude membranes
[57]. Our targeted proteins are expressed in IM. Separating IMs
from OMs not only reduces E. coli background signals from
lipopolysaccharides and outer membrane proteins but also allows
more LR11 TM protein to be packed into a MAS rotor for better sen-
sitivity. Since LR11 TM is expressed as an MBP fusion protein
(Fig. 2a) [49,58], we used amylose affinity chromatography to pre-
pare IM vesicles that contain our target (MBP-LR11 TM) before
enzymatic cleavage of its fusion partner. Fig. 2(b) shows SDS-
PAGE gel analyses of LR11 TM preparations in E. coli crude mem-
branes (IM + OM) and IM vesicles. Compared to the crude mem-
brane preparation (lane 2), IM vesicles eluted from an amylose
affinity column clearly show an enrichment of targeted proteins
relative to the E. coli backgrounds (lane 3). Fig. 2(c) and (d) show
comparisons of 1D 13C direct polarization and 2D 13C-13C correla-
tion spectra of 13C, 15N-labeled LR11 TM in crude and IM prepara-
tions, respectively. An overlay of 1D 13C CPMAS spectra is shown is
Fig. S1. Signals around 70 and 100 ppm from E. coli OM
lipopolysaccharides are greatly reduced in the IM preparation. Fur-
thermore, a comparison of cross-peak intensities in Fig. 2(d) indi-
cates ~60% improvement in spectral sensitivity.
3.2. Assigning LR11 TM resonances

Fig. 3(a, left) shows a 13Ca-13C0 correlation spectrum of LR11 TM
in E. coli IM vesicles. The spectral resolution allows for the putative
identification of a few amino acid types but is not sufficient for
assigning individual LR11 TM residues that are abundant in Leu
and Val. Multiple dimensional NMR is commonly used to improve
spectral resolution. In this case, due to broad 15N resonance line-
width (>2 ppm), spectral resolution and sensitivity of standard
3D assignment experiments suffer dramatically and provide little
information for additional assignments beyond what were
obtained previously. Recently, a combination of reverse amino acid
labeling and spectral editing was used to overcome spectral
Fig. 2. (a) Primary sequence of the LBT-LR11TM-His6. The LR11 fragment is shown
in bold, corresponding to residues 2132–2161 of the full-length protein. The LBT
(lanthanide binding tag) is shown in italics. Pro and Phe residues selected for
unlabeled amino acid are colored red. (b) SDS-PAGE results of LR11 TM preparations
in E. coli crude (lane 2) and inner (lane 3) membrane vesicles. Inner membrane
vesicles were isolated using an amylose affinity column. (c) An overlay of 1D 13C
direct polarization MAS spectra of 13C, 15N-labeled LR11 TM in crude (black) and
inner (red) membrane vesicles. (d) An overlay of 2D 13C-13C PARIS MAS spectra of
13C, 15N-labeled LR11 TM in crude (black) and inner (red) membrane vesicles. 2D
spectra were recorded with a mixing time of 30 ms at a calibrated sample
temperature of 293 K on a Bruker 500 MHz spectrometer. 128 t1 and 512 t2
complex points were acquired with a spectral width of 37.5 kHz for both
dimensions, and the States method was used for quadrature detection in the F1
dimension. The MAS rate was 10 kHz. A two-pulse phase modulation (TPPM)
scheme with a 1H radiofrequency field of 100 kHz [60] was applied for proton
decoupling during detection. The FIDs were apodized with a 60� shifted sine-bell
function in both dimensions and zero-filled into a 256 � 2048 matrix before Fourier
transformation. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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overlap for resonance assignments in proteoliposomes [45] and
crystalline samples [46]. Fig. 3 shows 13Ca-13C0 correlation spectra
of a 13C, 15N-labeled, Pro-unlabeled LR11 TM in E. coli IM vesicles
using the pulse sequence shown in Fig. 1(a). When the REDOR
dephasing is on, most resonance intensity is significantly reduced
by the recoupled 13C0-15N dipolar interactions, as shown in Fig. 3
(a, right). Contrary to our expectation of a single peak (because
there is only one proline residue in our construct and proline does
not interconvert to other amino acids, no isotope scrambling is
expected [40]), multiple peaks are observed despite the fact that
a cross-peak at 175.5, 70.0 ppm becomes more intense relative to
other resonances. Three sample slices from Fig. 3(a) are shown in
Fig. 3(b). While the peaks in slices from 13C = 54.3 and 58.1 ppm
show ~75% reductions in intensity as a result of the REDOR dephas-
ing, a peak at 175.5 ppm in a slice from 13C = 70.0 ppm displays
similar resonance intensity. This suggests that this peak originates
from Val30, the residue preceding Pro31. However, the residual
intensity of the REDOR dephasing from overlapping resonances
remains strong and it is difficult to identify a correct cross-peak
for assignment (Fig. 3(a), right).
3

A shifted REDOR sequence has been developed to minimize the
residual intensity from incomplete dephasing [59]. However, in
practice it is difficult to choose one particular dephasing time that
will suppress all background signals to zero, especially when small
amounts of unlabeled amino acid scrambling are present. Here we
use NMR difference spectroscopy to remove the residual intensity.
The 13Ca-13C0 spectrum with the REDOR dephasing off (Fig. 3(a),
left) was used as an approximation of the residual spectrum and
subtracted from Fig. 3(a, right). This is a reasonable approach con-
sidering that differences in 13C0-15N dipolar interactions of LR11
TM residues are likely small since they are embedded in lipid bilay-
ers, and that small differences in their 13C0-15N dipolar couplings
have minor effects on the efficiency of the REDOR dephasing. The
resulting difference spectrum is shown in Fig. 3(c) (the same spec-
trum at a low contour level is shown in Fig. S2). A single cross-peak
at 175.5 and 70 ppm is observed and readily assigned to Val30.

To observe and assign residues succeeding unlabeled amino
acids, Fig. 4 shows FDR-edited 15N-13Ca correlation spectra of a
13C, 15N-labeled, Pro-unlabeled LR11 TM in IM vesicles. When the
FDR dephasing is off, it is similar to conventional 15N-13Ca correla-
tion spectra (Fig. 4(a), left). When the FDR dephasing is on, reso-
nance intensity is significantly reduced (Fig. 4(a), right). Again,
contrary to our expectation of a single peak, multiple peaks are
observed. Three sample slices from Fig. 4(a) are shown in Fig. 4
(b). All peaks in these slices show ~80% reductions in intensity as
a result of the FDR dephasing except one peak at 66.0 ppm in a slice
from 15N = 115.2 ppm which displays an ~25% reduction. This sug-
gests that it likely comes from Ile32, the succeeding residue of
Pro31. However, the residual intensity of the FDR dephasing from
overlapping resonances remains strong and no assignment for
the Ile32 residue can be made (Fig. 4(a), right). Using the same pro-
tocol described above, the difference spectrum of Fig. 4(a, right)
and Fig. 4(a, left) is shown in Fig. 4(c) (the same spectrum at a
low contour level is shown in Fig. S3). A single cross-peak at
115.2 and 66.0 ppm is observed and readily assigned to Ile32.

We further tested our approach on a sample of 13C, 15N-labeled,
Pro and Phe-unlabeled LR11 TM in E. coli IM vesicles (Figs. 5 and
S4). A 2D REDOR-edited 13Ca-13C0 difference spectrum is shown
in Fig. 5(a). Small amounts of 14N-Phe scrambling result in slightly
increased residual intensities in the spectra with dephasing on. An
Fig. 3. (a) 2D REDOR-edited 13Ca-13C0 correlation spectra of 13C, 15N-labeled, Pro-
unlabeled LR11 TM in E. coli inner membrane vesicles acquired with REDOR
dephasing off (left, blue) and on (right, red). (b) Overlays of 1D slices along the 13C
direct detection dimension from 2D spectra in (a), which highlight differential
reductions in resonance intensity from REDOR dephasing. Peak intensities for slices
from the 2D spectrum with the dephasing on (a, red) are scaled down by a factor of
two relative to those from the 2D spectrum with the dephasing off (a, blue):
spectrum with dephasing on was recorded with 320 scans per t1 point, spectrum
with dephasing off was recorded with 160 scans per t1 point. (c) Left: 2D difference
spectrum of two REDOR-edited 13Ca-13C0 correlation spectra shown in (a). The 2D
spectrumwith the dephasing off (a, blue) is multiplied by an empirical factor of 0.25
and then subtracted from the normalized spectrum with the dephasing on (a, red)
to remove residual resonance intensities due to incomplete REDOR dephasing.
Right: 1D slices along the 13C direct detection dimension from the 2D difference
spectrum. All spectra were recorded at a calibrated sample temperature of 305 K on
a Bruker 600 MHz spectrometer. A total dephasing time of 1.33 ms was used with a
MAS rate of 12 kHz. 20 rotor periods (n = 20) were used for RFDR transfer from Ca to
C0 and 16 rotor periods (D = 1.33 ms) were used for the Z-filter. The pulse duration
for the Gaussian shape pulses was 300 ls. A recycle delay of 1.5 s was used. The 2D
data were collected with 128 t1 and 512 t2 complex data points with spectral widths
of 42.26 and 50 kHz for both F1 and F2 dimensions, respectively, and the States-TPPI
was used for quadrature detection in the F1 dimension. The FIDs were apodized
with a Gaussian window function with an exponential factor of �15 Hz and a
Gaussian factor of 0.15 in the F1 dimension, and a Gaussian window function with
an exponential factor of �20 Hz and a Gaussian factor of 0.12 in the F2 dimension,
and then zero-filled into a 512 � 1024 matrix before Fourier transformation. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)



Fig. 5. (a) Difference spectra of 2D REDOR-edited 13Ca-13C (b) 2D FDR-edited
15N-13Ca correlation spectra of 13C, 15N-labeled, Pro/Phe-unlabeled LR11 TM in
E. coli inner membrane vesicles. The spectra with dephasing off is multiplied by an
empirical factor of 0.35 and then subtracted from the normalized spectra with the
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empirical factor of 0.35 (instead of 0.25 for a Pro- unlabeled sample
in Fig. 3) was used to remove these residual intensities by differ-
ence spectroscopy. As expected, four 13Ca-13C0 cross-peaks from
residues preceding unlabeled Pro and Phe are observed in the dif-
ference spectrum. Based on their characteristic 13Ca chemical
shifts, we were able to assign specific residues. A 2D FDR-NCA dif-
ference spectrum of 13C, 15N-labeled, Pro and Phe-unlabeled LR11
TM in E. coli IM is shown in Fig. 5(b). Three of four expected
15N-13Ca cross-peaks (three from LR11 TM and one from the linker
region of His-tag) are observed. Based on their characteristic 13Ca
chemical shifts, we were able to obtain assignments for residues
Ile32, Ala45, and Leu35 that may overlap with residue Q57 of the
His-tag.

To date, we have assigned 18 of 23 LR11 TM residues using 2D
13C-13C correlation data and two reverse amino acid labeled sam-
ples (one with Pro/Phe unlabeled and another with Ala unlabeled).
These assignments are listed in Tables 1 and S1. All assigned resi-
dephasing on to remove residual resonance intensities due to incomplete dephasing
(~25%, based on Fig. 3) and small amounts of unlabeled Phe scrambling (10%).
Experimental conditions for (a) and (b) were the same as described for Figs. 3 and 4,
respectively.

3

dues show characteristic secondary shifts of an a-helix and are in
agreement with the secondary shifts of LR11 TM in DPC micelles
[49]. The unassigned residues include three Leu, one Ile, and one
Val. Reverse labeling of these three amino acids will introduce sig-
nificant 14N scrambling, but carbon is less of an issue [39,40]. Using
15N-labeled Leu, Ile, or Val and the FDR-edited NCA experiment
should allow us to assign three additional residues following these
amino acids to achieve nearly complete backbone resonance
assignments for LR11 TM.

In summary, NMR resonance assignment is a critical first step in
the structural and dynamic study of membrane proteins and their
complexes in biological environments. Here, we present an
improved method of preparing E. coli IM vesicles for in situ ssNMR
study. Our approach does not perturb the expression system and is
convenient and effective. Moreover, it reduces spectral back-
grounds from E. coli molecules and improves spectral sensitivity.
Using a combination of reverse amino acid labelling, NMR spectral
editing, and difference spectroscopy, we are able to surmount lim-
itations imposed by resonance overlap and limited spectral resolu-
tion in order to successfully assign most LR11 TM residues in E. coli
Fig. 4. (a) 2D FDR-edited 15N-13Ca correlation spectra of 13C, 15N-labelel, Pro-
unlabeled LR11 TM in E. coli inner membrane vesicles acquired with FDR dephasing
off (left, blue) and on (right, red). (b) Overlays of 1D slices along the 13C dimension
from 2D spectra in (a), highlighting differential reductions in resonance intensities
from FDR dephasing. Peak intensities for slices from the 2D spectrum with
dephasing on (a, red) are scaled down by a factor of four relative to those from the
2D spectrum with dephasing off (a, blue): spectrum with dephasing on was
recorded with 1024 scans per t1 point, spectrum with the dephasing off was
recorded with 256 scans per t1. (c) Left: 2D difference spectrum of two FDR-edited
15N-13Ca correlation spectra in (a). The spectrum with dephasing off (a, blue) is
multiplied by an empirical factor of 0.21 and then subtracted from the normalized
spectrum with the dephasing on (a, red) to remove residual resonance intensities
due to incomplete FDR dephasing. Right: 1D slices along the 13C dimension from the
2D difference spectrum. The spectra were recorded at a calibrated sample
temperature of 305 K on a Bruker 800 MHz spectrometer. A total dephasing time
of 2.57 ms was used with a MAS rate of 14 kHz. 17 rotor periods (D = 1.21 ms) were
used for the Z-filter. A recycle delay of 1.5 s was used. The 2D data were collected
with 24 t1 and 1400 t2 points with spectral widths of 2.919 and 100 kHz for F1 and
F2 dimensions, respectively, and the TPPI method was used for quadrature
detection in the F1 dimension. The FIDs were apodized with a Gaussian window
function with an exponential factor of �20 Hz and a Gaussian factor of 0.12 in the
F1 dimension, and a Gaussian window function with an exponential factor of
�40 Hz and a Gaussian factor of 0.12 in the F2 dimension, and then zero-filled into a
256 � 1024 matrix before Fourier transformation. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)



Table 1
13Ca chemical shifts of LR11 TM in
E. coli inner membranes from MAS
solid-state NMR.

Residue number 13Ca (ppm)

V25 62.5
A26 55.2
A27 55.2
V28 65.6
V29 –
V30 70.0
P31 66.5
I32 66.0
L33 58.2
F34 62.8
L35 58.2
I36 –
L37 –
L38 –
S39 58.6
L40 58.3
G41 48.2
V42 66.7
G43 47.4
F44 62.5
A45 55.7
I46 65.6
L47 –
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membranes. We anticipate broad applications of this approach to
membrane protein-studies, especially when spectral resolution is
limited.
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