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ABSTRACT: Proteins exist in ensembles of conformational
states that interconvert on various motional time scales. High-
energy states of proteins, often referred to as conformationally
excited states, are sparsely populated and have been found to
play an essential role in many biological functions. However,
detecting these states is quite difficult for conventional structural
techniques. Recent progress in solution NMR spectroscopy
made it possible to detect conformationally excited states in
soluble proteins and characterize them at high resolution. As for
soluble proteins, integral or membrane-associated proteins
populate different structural states often modulated by their
lipid environment. Solid-state NMR spectroscopy is the method
of choice to study membrane proteins, as it can detect both
ground and excited states in their natural lipid environments. In
this work, we apply newly developed 1H-detected 15N-HSQC type experiments under moderate magic angle spinning speeds to
detect the conformationally excited states of phospholamban (PLN), a single-pass cardiac membrane protein that regulates Ca2+

transport across sarcoplasmic reticulum membrane. In its unbound state, the cytoplasmic domain of PLN exists in equilibrium
between a T state, which is membrane bound and helical, and an R state, which is membrane detached and unfolded. The R state
is important for regulation of the sarcoplasmic reticulum Ca2+-ATPase, but also for binding to protein kinase A. By hybridizing
1H detected solution and solid-state NMR techniques, it is possible to detect and resolve the amide resonances of the R state of
PLN in liquid crystalline lipid bilayers. These new methods can be used to study the conformationally excited states of membrane
proteins in native-like lipid bilayers.

■ INTRODUCTION

NMR is a rapidly evolving technique for chemical, biochemical,
and biophysical studies of macromolecules in solution,
semisolid, and solid states. The most exciting frontier for
NMR is to investigate membrane protein structures under
physiological conditions, which has been very challenging for X-
ray spectroscopy. Currently, both solution and solid-state NMR
techniques are being used for studying membrane proteins.
However, solution NMR is still limited to studying membrane
proteins in detergent micelles, isotropic bicelles or in select
cases, nanodisks, none of which are able to accurately mimic
the composition of biological membranes. On the other hand,
solid-state NMR (ssNMR) does not have a protein size
limitation and is ideal for studying membrane proteins in
native-like lipid membranes.1−6 To maintain their tertiary fold
and mimic proper functional conditions, membrane proteins
need to be reconstituted in lipid membranes. Hydration, pH,
temperature, lipid composition, as well as lipid-to-protein ratios,
are crucial parameters to maintain transmembrane protein
functional integrity.7−9

As with all biomacromolecules, membrane proteins exist as
ensembles of low and high conformational energy states.10

Biological responses to stimuli such as ligand binding, post-

translational modifications, and changes in ionic or pH
conditions skew the conformational equilibrium toward active
or inactive states.11 Often, biological activity is carried out by a
high-energy conformational state (i.e., excited states) that is
only sparsely populated under normal physiological con-
ditions.12 As both X-ray crystallography and cryoEM trap the
structure of membrane proteins in defined, low energy basins,
they cannot detect conformationally excited protein states.
Using nuclear spin relaxation experiments, solution NMR
experimentalists are able to detect protein and oligonucleotide
excited states and determine their structures.13−15 The presence
of conformationally excited states is inferred through the
analysis of protein motions. Although similar experiments have
been proposed in ssNMR for microcrystalline protein
preparations,16 where solution-like properties of the spectra
allow for measurement of T1ρ relaxation times, these methods
are not readily applicable to membrane proteins within
phospholipid membrane bilayers. In fact, the most important
experiments for structure determination of membrane proteins
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are based on cross-polarization (CP) techniques that rely on
strong dipolar couplings (DC) for polarization transfer.17

Although these approaches are now being combined with novel
multidimensional acquisition methods,18−20 they fail to detect
dynamic regions that are likely to encode for conformationally
excited states. The conformational plasticity of membrane
proteins directly influences the magnitude of the orientational-
dependent NMR interactions such as DC and chemical shift
anisotropy (CSA).21,22 As a result, dynamic regions of
membrane proteins are insensitive to CP-based NMR
techniques.23 Certain regions of membrane proteins are also
exposed to aqueous environments and undergo fast motions,
thereby dramatically scaling down the dipolar interactions.24

However, the conformational dynamics increase T2 relaxation
times of mobile residues enabling the application of through-
bond INEPT (Insensitive nuclei enhanced by polarization
transfer) experiments.25 For instance, Baldus and co-workers
have demonstrated the use of through-bond 13C and 15N
detected refocused INEPT (RINEPT) experiments under MAS
conditions for studying the cytoplasmic domain of the
membrane protein phospholamban (PLN).26 Similarly, 13C
detected RINEPT and CP experiments were respectively used
for studying mobile and rigid domains of cartilage.27 This
approach has also been used for studying the dynamic regions
of cytochrome-b5 using 15N detected RINEPT experiment in
oriented solid state NMR.23,28,29 However, the intrinsic low
sensitivity of 13C and 15N nuclei dramatically increases the
experimental times.30−34

Recent progress in fast MAS experiments has enabled 1H
detection with dramatic sensitivity enhancement.35−37 Perdeu-
terated sample preparations of crystalline proteins combined
with 1H detected fast MAS methods are now being routinely
used for structure determination.38 However, these methods
have limited applications for membrane proteins reconstituted
in phospholipid membrane mimetic systems. In this work we
show that 1H detected ssNMR can be used for studying
dynamic regions of fully protonated membrane proteins at
moderate MAS rates. We show that 1H-detected 15N HSQC-
type MAS experiments are able to map the mobile residues of
the conformationally excited state (R-state) of PLN under
moderate spinning speed conditions. PLN is a 52-residue
membrane protein that comprises an inhibitory transmembrane
domain (domain Ib and domain II) and a regulatory domain
(domain Ia), connected by a short, flexible loop (Figure 1A).
PLN binds and regulates the sarcoplasmic reticulum Ca2+-
ATPase, or SERCA, decreasing its apparent affinity for Ca2+

ions in a reversible manner.39 Protein kinase A recognizes and
phosphorylates PLN at Ser16 in domain Ia, reversing this
inhibition.40 Previous solution and solid-state NMR as well
electron paramagnetic resonance (EPR) experiments from our
group and others39,41,42 have shown that PLN’s regulatory
region in the absence of SERCA undergoes a conformational
equilibrium between an ordered T state (helical) and a
disordered R state (unfolded and membrane detached). The
population of the R state was detected as weak peaks from the
dipolar assisted rotational resonance (DARR)43 experiments
that mainly reported on the T state.39 The application of the
new refocused-INEPT heteronuclear single quantum coherence
(RI-HSQC) pulse sequences enabled us to probe the R state of
PLN with an average of 8-fold sensitivity enhancement
compared to 15N-detected INEPT-HETCOR experiments.26

We also show that the sensitivity of these experiments is further
enhanced by the simultaneous detection of cosine and sine

modulated chemical shift coherences44 with a new experiment
called SERI-HSQC.
These new methods are applicable to a wide range of

membrane proteins and complexes that display structural

Figure 1. (A) Phospholamban conformational equilibrium between T
(PDB 2KB7) and R (PDB 2LPF) states. (B) 15N CP, and INEPT-
HETCOR spectra of various PLN samples reconstituted in neutral
DMPC or mixed DMPC, DOPE, and positively charged ePOPC lipid
vesicles. (C) Relative sensitivity of INEPT-HETCOR spectra
normalized with respect to CP is shown for each of the PLN samples
reflecting the change in R-state population. Due to the complex
interactions during CP and INEPT, this plot represents a relative
estimation of the R state with respect to the T state.
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dynamic regions, allowing researchers to characterize their
importance in biological function.

■ MATERIALS AND METHODS

Monomeric PLN (PLNAFA) and R14 deletion PLN (PLNR14del)
were expressed in BL21(DE3) Escherichia coli and purified
using affinity chromatography and HPLC according to the
published procedures.45 Purified PLN was lyophilized and
stored at −20 °C. Protein reconstitution in lipid membranes
and MAS sample preparations followed the previously
published protocols.39 Lipids for MAS samples were dried
down under nitrogen and lyophilized once after resuspension in
water to remove trace organic solvent. The lyophilized lipids
were reconstituted in 2 mL of reconstitution buffer consisting
of 20 mM HEPES (pH 7.0), 100 mM KCl, 1 mM MgCl2, 5%
(v/v) glycerol, and 0.02% (w/v) NaN3. The lipids were
solubilized using 25% C12E8, with 50 μL of detergent per 10 mg
of lipid. PLN was solubilized in 25% C12E8, using approximately
25 μL per 1 mg of protein, and was added to the reconstituted
lipid preparations. Following a brief incubation, BioBeads SM-2
were added in a 30-fold (w/w) excess over detergent and
allowed to stir for 3 h at room temperature. The BioBeads were
removed via filtration through a 25 gauge needle, and the lipid

vesicles pelleted by centrifugation at 100 000g for 30 min at 4
°C. The pelleted vesicles were resuspended in 2 mL of the
reconstitution buffer and centrifuged at 350 000g for 20 h at 4
°C. The resulting proteoliposomes were packed into 3.2 mm
Bruker/Agilent MAS rotors using a series of centrifugation
steps as previously described.46 The final samples contained 0.5
to 2 mg of PLN reconstituted in neutral DMPC liposomes or
charged lipid mixtures containing 4:1:1 or 4:1:3 ratios of
DMPC:DOPE:ePOPC, where ePOPC is a positively charged
lipid. All lipids were purchased through Avanti Polar Lipids and
used without further purification.
All of the solid-state NMR experiments were acquired at the

Minnesota NMR center using Bruker or Agilent spectrometers
operating at a 1H Larmor frequency of 700 MHz equipped with
3.2 mm probes with reduced RF heating technology.47 All of
the spectra were processed with 30 Hz line broadening, and
20k × 10k zero filling using NMRPipe,48 and analyzed using
Sparky.49 For all ssNMR experiments, t2 acquisition time was
set to 100 ms for both 1H and 15N detections, 80 t1 points with
5 kHz t1 spectral width, and a recycle delay of 3 s. The PLNAFA

ssNMR spectra shown in Figures 2 and 8 were respectively
acquired on Agilent spectrometer with 512 and 64 scans per t1
increment; whereas all of the remaining data were acquired on

Figure 2. (A) Two-dimensional 15N detected INEPT-HETCOR spectra that map the dynamic cytoplasmic domain of phospholamban membrane
proteins (PLNAFA and PLNR14del) reconstituted in DMPC lipid vesicles. (B) Solution NMR HSQC spectrum of PLNAFA reconstituted in isotropic
bicelles, showing the assignment of cytoplasmic residues.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.7b03268
J. Phys. Chem. B 2017, 121, 4456−4465

4458

http://dx.doi.org/10.1021/acs.jpcb.7b03268


Bruker spectrometer. The 90° pulse lengths for 1H, 13C, and
15N were set to 3, 6, and 6 μs, respectively. For 1H or 15N
heteronuclear decoupling, the WALTZ-16 sequence was used
with the RF amplitude set to 10 kHz.50 PLNR14del spectra were
acquired with 64 scans per each t1 increment. Water
suppression in the HSQC pulse sequence was obtained from
a continuous presaturation pulse during the recycle delay with
RF amplitude set to 200 Hz. For both RI-HSQC and SERI-
HSQC, spin-lock pulses with phases x and y were used with RF
amplitude of 30 kHz and τ1 set to 200 to 300 ms.51 The RI-
HSQC spectra of PLNAFA in DMPC lipids was acquired with
1024 scans, whereas 600 and 400 scans were respectively used
for mixed lipid samples 4:1:1 and 4:1:3 (Figure 6B). The heat
induced at higher MAS rates was monitored by the water
frequency of the 1H spectrum, and compensated accordingly by
lowering the sample temperatures. The spectra were indirectly
referenced to the CH2 resonance of adamantine sample at
40.48 ppm using the relative gyromagnetic ratio of 15N and 1H.
Solution NMR HSQC spectrum of PLNAFA in isotropic bicelles
was recorded on 600 MHz spectrometer, using 128 scans and
64 t1 increments with a total experimental time of 6 h.

■ RESULTS

Ground and Excited States of Phospholamban. In
membranes, PLN undergoes a conformational equilibrium
between an ordered T state (ground state) and a dynamic R
state (conformationally excited state) as represented in Figure
1A. Our studies using PLN variants show that the population of
these states can be shifted by phosphorylation, R14 deletion or
by single site mutations.39,52−55 At room temperature, it is
possible to simultaneously observe both ground and excited
states in slow exchange for selected resonances of the
cytoplasmic domain using 13C detected CP or INEPT based
experiments. However, the resulting 13C spectra are quite
complex to analyze and typically require selective labeling.39

Figure 1B shows the 15N signatures for the backbone amides of
the T and R states. These spectra were acquired using 15N
detection. While the more rigid residues of the transmembrane
and membrane bound cytoplasmic domains are mapped by CP
experiments, the more dynamic residues are observable using
the relatively long J-coupling evolution periods (∼10 ms) of the
INEPT-based HETCOR experiment that selects for mobile
residues with long T2 relaxation time.26 Therefore, in the CP
spectrum it is possible to identify both transmembrane and
membrane-bound cytoplasmic residues. On the other hand, the

Figure 3. Two-dimensional 1H−15N correlation experiments for mapping the dynamical regions of membrane proteins using MAS solid-state NMR
at moderate spinning speeds. Pulse sequences for HSQC (A), Refocused INEPT (RI) HSQC (B), and sensitivity enhanced (SE) RI-HSQC (C),
with τ value set to 5.4 ms (=1/2JNH). For HSQC, water suppression is obtained from a presaturation pulse during the recycle delay, whereas in RI-
HSQC and SERI-HSQC RF spin locks during the τ1 period (∼250 ms) purges the water signal.51 For all pulse sequences, a two-step phase cycle was
used by switching the ϕ and receiver phases. For HSQC and RI-HSQC t1 states acquisition was obtained by altering the phase of ϕ pulse between x
and y, whereas for SERI-HSQC Rance-Kay mode t1 acquisition was obtained by altering the ϕ1 phase between x and −x.
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INEPT-HETCOR experiment probes only cytoplasmic resi-
dues of the excited R state that undergoes fast conformational
dynamics. A comparison of the 1D 15N signal intensities at 25
°C for CP and INEPT- HETCOR spectra (Figure 1B,C) shows
a significant difference in the relative R state population for the
PLNAFA and PLNR14del variants reconstituted in neutral or
fractionally charged mixed lipids. Figure 1C clearly demon-
strates that while PLNAFA in DMPC and 4:1:1 (DMPC:DO-
PE:ePOPC) mixed lipids exists primarily in the T state and is
more sensitive to the CP-based experiment, deletion of R14, or
increasing the percentage of positively charged lipids(4:1:3
mixed lipids), pushes the equilibrium toward the R state and
increases the sensitivity of the INEPT-HETCOR experiment
on these samples. Due to lower protein concentrations, CP and
INEPT-HETCOR spectra of PLNAFA were acquired using 10k
to 50k scans. All the samples were acquired with identical
experimental parameters. The integrated intensity of the CP
and INEPT-HETCOR spectra were measured between 100
and 140 ppm at the same noise level. Although it is difficult to
estimate the absolute R-state population, relative integrated
intensity of INEPT-HETCOR with respect to CP indicates
significant change in the relative R state population (Figure
1C). The latter is due to the decreased electrostatic interactions
between the cytoplasmic domain and the membrane with the
deletion of R14 or the introduction of positively charged lipids
that shift the cytoplasmic domain toward the unfolded state due
to an increase in PLN’s conformational dynamics. The 2D
INEPT-HETCOR spectra of PLNAFA and PLNR14del recon-
stituted in zwitterionic DMPC lipids are shown in Figure 2A.
The number of peaks for PLNR14del is higher than that of
PLNAFA, indicating more residues transition from the rigid,
membrane bound T state to the more dynamic R state. For
both samples, we observed significant variation in relative peak
intensities as well as line widths between 45 to 105 Hz
indicating different time scale motions of residues. Figure 2B
shows the solution NMR HSQC spectrum of PLNAFA

reconstituted in neutral isotropic bicelles. Due to the longer
correlation times of isotropic bicelles, immobile transmembrane
residues are either weak or undetectable in this spectrum.
Unlike in isotropic bicelles, PLNAFA reconstituted in
proteoliposomes shows very few peaks with significantly
broader resonances (Figure 2A, top left), indicating a higher
degree of conformational heterogeneity. This emphasizes that
the motions of PLNAFA cytoplasmic domain reconstituted in
proteoliposomes are quite different from those in isotropic
bicelles.

1H-Detected MAS Solid-State NMR for Probing
Excited States of Membrane Proteins. Although the 15N-
detected experiments are able to probe the R state confirmation
for different PLN samples, we sought to boost sensitivity by
using 1H-detected HSQC experiments (Figure 3). A significant
challenge for ssNMR is the suppression of the water signal in
the 1H detected spectra. While this is no longer a problem for
solution NMR, where the probes are equipped with gradient
coils and the water signal is easily dephased, commercially
available ssNMR probes are not equipped with gradient pulse
technology and deuterium spin-lock circuitry to compensate for
the drift of the B0 field. In order to achieve reasonable water
suppression, we used two modified pulse sequences, HSQC
(Heteronuclear Single Quantum Coherence) and RI-HSQC
(Refocused INEPT - Heteronuclear Single Quantum Coher-
ence) that are similar to the solution NMR “out-and-back”
experiments. For these HSQC-type experiments, the polar-

ization transfer starts from 1H to 15N followed by 15N t1
evolution period and then is transferred back to 1H for
acquisition (t2). Figure 3A shows the INEPT-based HSQC
pulse sequence, where a presaturation pulse is applied on the
water resonance during the recycle delay.56,57 The second
example of a pulse sequence utilizing 1H detection is reported
in Figure 3B. This experiment uses a refocused INEPT
sequence to transfer the polarization from 1H to 15N which is
then stored along the z-direction while suppressing (scram-
bling) the water magnetization using multiple pulses for a time
period of τ1 (∼200 to 300 ms). After water suppression, a 90°
pulse is applied on 15N and is followed by a t1 evolution period.
A second refocused INEPT period is then used to transfer the
15N polarization back to 1H followed by t2 acquisition period.
The SERI-INEPT (sensitivity enhanced RI-HSQC) sequence
shown in Figure 3C utilizes simultaneous detection of cosine
and sine modulated chemical shift coherences to enhance the
overall sensitivity and is explained further below.
Figure 4 shows the first increment of the 15N and 1H

detected spectra of PLNR14del in DMPC lipids at 25 °C using 12
kHz MAS rate and 64 scans. These spectra were obtained using

Figure 4. (A) Comparison of 1H 1D spectra of PLNR14del in DMPC
lipids, obtained from one pulse experiment, and 1st increment (t1 = 0)
of 15N HSQC and RI-HSQC. Efficient water suppression was obtained
in HSQC and RI-HSQC displaying the amide proton spectra of
protein. The net signal intensity in HN region is about 25% lower for
HSQC compared to RI-HSQC. (B) 15N 1D spectrum obtained from
INEPT-HETCOR experiment with t1 = 0. The number of scans for
acquiring HSQC, RI-HSQC, and HETCOR was set to 64. The
sensitivity enhancement of RI-HSQC with respect to INEPT-
HETCOR was approximately 10 times. Note that for the one pulse
1H spectrum the receiver gain was lowered 10 times to avoid signal
truncation.
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HSQC, RI-HSQC, and INEPT-HETCOR pulse sequences
with t1 = 0. Although the 1D HSQC shows superior water
suppression, the exchange between HN and water during the
presaturation period lowers the signal intensity by ∼25% in
comparison to RI-HSQC. On the other hand, the 15N 1D
spectrum obtained from INEPT-HETCOR has nearly 10 times
lower signal than the corresponding amide 1H signal obtained
from RI-HSQC. Unlike the HSQC and INEPT-HETCOR
experiments, the duration of the RI-HSQC experiment is
relatively longer, due to the water suppression period (τ1)
during which the 15N magnetization is stored along the z-
direction, and an additional 2τ period for in-phase coherence
transfer between 15N to 1H. In spite of the longer duration of
the RI-HSQC experiment, the gain in sensitivity is very
significant with respect to both 15N INEPT-HETCOR and 1H
HSQC.
To further enhance the sensitivity, we incorporated an

additional τ period in the RI-HSQC sequence prior to t2
acquisition according to the sensitivity enhancement scheme by
Rance and co-workers.58,59 The resultant pulse sequence,
namely, sensitivity enhanced (SE) RI-HSQC (Figure 3C)
simultaneously transfers both cosine and sine modulated 15N
coherences to 1H and acquires the signals in a phase-sensitive
mode by switching the ϕ1 phase of

1H pulse. The SE element
nearly doubles the signal, whereas the RMS noise increases by
41% giving a theoretical sensitivity gain of 41%.
Figure 5 shows the 2D spectra of PLNR14del reconstituted in

DMPC lipids obtained from INEPT-HETCOR, HSQC, RI-
HSQC, and SERI-HSQC experiments using 80 t1 increments
and 64 scans per increment. All the spectra were processed
using 30 Hz line broadening in both dimensions. 1H and 15N
line widths of resolved peaks are in the range of 45 to 105 Hz.
The spectra of RI-HSQC, and SERI-HSQC were drawn at the
same noise level, whereas the INEPT-HETCOR and HSQC
spectra were multiplied by 8 and 1.3 times due to lower peak
intensities. The average sensitivity of the 2D RI-HSQC is 10
times greater compared to the 2D INEPT-HECOR. In other
words, a 15N-detected INEPT-HETCOR experiment would
require 100 times (102) more experimental time compared to
RI-HSQC. As expected from the 1D spectrum, presaturation
lowers the sensitivity of the 2D HSQC spectrum, causing some
of the peaks in the 2D spectrum to have lower intensity with
respect to the RI-HSQC. Interestingly, we also found that the
1H line widths of HSQC are slightly narrower by 10 to 20 Hz
compared to RI-HSQC. Most likely the narrower line widths in
HSQC are due to presaturation pulse that eliminates the
contribution of chemical exchange with water. The sensitivity of
RI-HSQC is further enhanced by using SERI-HSQC, where the
average sensitivity gain is 31% with respect to the RI-HSQC
spectrum (Figure 5 bottom right panel).
Figure 6A demonstrates the sensitivity comparison of 1H-

and 15N-detected spectra of PLNAFA reconstituted in neutral
DMPC lipids. In this case, the sensitivity of the 1D HSQC
using presaturation is almost 3 times lower than the RI-HSQC
spectrum. On the other hand, the 1D-HSQC shows dramatic
signal enhancement for side chain resonances between 6 and
7.5 ppm, suggesting a possible increase of the magnetization
due to NOE transfer taking place during presaturation. Figure
6B shows the comparison 1H detected 2D RI-HSQC spectra of
PLNAFA reconstituted in DMPC or DMPC:DOPE:ePOPC
lipid mixtures. The overall pattern of different spectra looks
similar to small changes in peak positions or few additional
peaks. Also, weak peaks of PLNAFA were observed (between

112 to 117 ppm in the 15N dimension) in mixed lipids samples,
that were broadened when reconstituted DMPC lipids
indicating more conformational heterogeneity. In fact these
peak positions may correspond to Ser10, Ser16, and Thr17
residues (based on solution NMR assignment, Figure 2B) that
were missing in the 15N detected experiments (Figure 2A, top
left) due to lower sensitivity. This also confirms that serine and
threonine residues are less sensitive to through-bond polar-
ization transfer indicating intermediate time scale motion.

Effect of Magic Angle Spinning Rate on Sensitivity
and Resolution. The spinning speed can influence the
appearance of the NMR spectra and high spinning speeds
may in certain cases affect the sample stability. In order to
understand the effect of spinning speed on sensitivity and
resolution, we recorded the 1H spectra using the RI-HSQC
sequence at various MAS rates (Figure 7). While at 0 kHz
broad peaks were observed, but the sensitivity was tremen-
dously improved even at 5.5 kHz spinning speed. In fact for
both the samples of PLNAFA and PLNR14del reconstituted in
DMPC lipids, the gain in sensitivity is about 15 to 20% higher
at 12 kHz compared to 5.5 kHz MAS rate. Whereas from 12 to
15 kHz, the gain in sensitivity is only about 2 to 5%. Figure 8
shows a comparison of the 2D RI-HSQC spectra of PLNAFA in
DMPC lipids at different spinning speeds. This indeed
demonstrates that mobile residues in membrane proteins can

Figure 5. Two-dimensional 15N−1H correlation spectra of PLNR14del

in DMPC lipids, obtained from 15N detection using INEPT-
HETCOR, and 1H detection using HSQC, RI-HSQC and SE-RI-
HSQC pulse sequences. All the spectra were acquired using 64 scans
and 80 t1 increments. INEPT-HETCOR and HSQC spectra shown at
8 and 1.3 times higher noise floor. The relative integrated intensity of
INEPT-HETCOR, HSQC, RI-HSQC, and SERI-HSQC between the
spectral regions 7.5 and 9 ppm (1H) and 113 and 133 ppm (15N) is
respectively 1.0:6.9:10.2:13.7.
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be studied with optimal sensitivity and resolution using
moderate spinning speeds via 1H detection.

■ DISCUSSION
Both in vitro and in vivo studies indicate that in the monomeric
form, PLNAFA adopts an L-shaped conformation with the
cytoplasmic domain undergoing a conformational equilibrium
between T (bound) and R (free) states. The T state is helical
and adsorbed on the surface of the bilayer, with the
hydrophobic side chains pointing toward the interior of the
membrane and the hydrophilic residues pointing toward the
bulk solvent. On the other hand, the conformationally excited R
state is membrane detached and unfolded. SERCA preferen-
tially binds the R state with a helical conformation in the
transmembrane domains and an extended conformation of the
cytoplasmic domain.39,60 Functional studies and mutations
show that this conformational equilibrium is central to
maintaining SERCA’s Ca2+ transport within a physiological

window.52,54 In our previous studies, we showed that the
population of dynamic R state, which can be biased by
mutations, plays a major role in SERCA inhibition.39,52

Additionally, the R state is the one selected by protein kinase
A for phosphorylation.61 Therefore, this high-energy conforma-
tional state plays a central role in PLN’s regulatory function.
The R state of PLNAFA was first detected by Baldus and co-

workers using 13C-detected through-bond correlations. Here,
we show that 1H-detected 15N HSQC type experiments can
probe dynamic regions of membrane proteins and provide
higher sensitivity than 15N-detected INEPT-HETCOR experi-
ments. We demonstrated this with PLN’s amide backbone
fingerprint, which displayed a sensitivity increase up to 10 times
higher than the corresponding 15N-detected INEPT-HETCOR
experiments. Though these new experiments will replace the
highly insensitive 15N detected experiments, it is important that
new probes are developed containing gradients and lock
circuitry since a significant hurdle is presented by the loss of
sensitivity due to water exchange with backbone amide groups
when applying presaturation of the water magnetization. Unlike
solution NMR where the presaturation field strength is only
about 50 Hz, we had to use ∼200 Hz to cover larger spectral
regions around the water frequency so that presaturation is still
effective in spite of the Bo frequency drift. However, for
insensitive samples, depending on the magnet drift, it is
recommended to acquire multiple data sets with 1H offset
correction, which can then be combined for signal averaging.

Figure 6. (A) HSQC, RI-HSQC, and INEPT-HETCOR 1D spectra of
PLNAFA in DMPC lipids, obtained from 2D pulse sequences with t1 =
0. (B) Two-dimensional 15N−1H correlation spectra of PLNAFA in
various lipid compositions, obtained from 1H detected RI-HSQC
shown in Figure 3B.

Figure 7. One-dimensional RI-HSQC spectra of PLNR14del and
PLNAFA samples reconstituted in DPMC lipids. MAS rates were varied
from 0 to 15 kHz. For both the samples, similar sensitivity
enhancement was obtained as a function of MAS rate.
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On the other hand, water suppression in RI-HSQC was
obtained by applying a phase switched RF pulses on 1H, while
storing the 15N magnetization along the z-direction. Therefore,
water suppression in RI-HSQC and SERI-HSQC is insensitive
to slight water frequency changes caused by the magnet drift.
Water suppression can be avoided by reconstituting the protein
in fully deuterated buffer. Recently, this approach was
successfully used for studying mobile regions of Anabaena
sensory rhodopsin using 13C HSQC experiments at moderate
MAS rates.62 However, this method is limited to nonexchange-
able aliphatic protons.62 On the other hand, the RI-HSQC, and
SERI-HSQC (Figure 3B,C) pulse sequences can be applied on
fully protonated samples with 100% H2O, for studying labile
amide protons. Interestingly, the loss of signal in the HSQC
due to presaturation is higher for PLNAFA compared to
PLNR14del. This indicates different NH−H2O exchange rates of
cytoplasmic domain in two different lipid systems. In fact, such
experiments were used to study the exchange rates of globular
proteins using solution NMR.63

Although current experiments were demonstrated using a
regular MAS setup (without gradient and field lock channels)
we anticipate a further gain in sensitivity and resolution with
these technological advancements. In fact, double resonance
(1H−13C) HR-MAS probes that are now routinely being used
for metabolomics are equipped with gradient channels and
deuterium spin-lock. While triple resonance HR-MAS probes
could be promising for the detection of flexible domains or

excited states of membrane proteins, they are limited to lower
RF powers and MAS rates of 5 to 8 kHz.

■ CONCLUSIONS
In this study, we have shown that solid-state NMR is a unique
method for probing ground and excited states of membrane
proteins. Combination of CP and INEPT-based experiments
were used to demonstrate the relative affinity of T and R states
of PLN samples reconstituted in hydrated proteoliposomes. 1H
detected HSQC type experiments can be used under moderate
MAS rates for mapping the excited states of membrane proteins
or mobile residues of membrane proteins in fully hydrated lipid
bilayers. These methods are demonstrated on PLN variants
reconstituted in proteoliposomes, using commercial ssNMR
probes without pulsed field gradients. Efficient water
suppression was achieved by using RI-HSQC and detecting
the amide protons with an average sensitivity enhancement of
up to 10 times in comparison to 15N detection. Incorporation
of a sensitivity-enhanced element in the pulse sequence further
enhances the sensitivity up to 40% using SERI-HSQC.
Presaturation of water resonances in the HSQC pulse sequence
leads to amide proton signal loss due to water exchange. In fact,
the comparison of HSQC and RI-HSQC spectral intensity can
be used for understanding water−protein interactions.
Although these methods were demonstrated for 2D 15N−1H
correlation experiments, it provides a basis for the development
of 3D sequential correlation experiments for membrane
proteins.
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