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Abstract Magic angle spinning nuclear magnetic reso-

nance (MAS NMR) is well suited for the study of mem-

brane proteins in membrane mimetic and native membrane

environments. These experiments often suffer from low

sensitivity, due in part to the long recycle delays required

for magnetization and probe recovery, as well as detection

of low gamma nuclei. In ultrafast MAS experiments sen-

sitivity can be enhanced through the use of low power

sequences combined with paramagnetically enhanced

relaxation times to reduce recycle delays, as well as proton

detected experiments. In this work we investigate the

sensitivity of 13C and 1H detected experiments applied to

27 kDa membrane proteins reconstituted in lipids and

packed in small 1.3 mm MAS NMR rotors. We demon-

strate that spin diffusion is sufficient to uniformly distribute

paramagnetic relaxation enhancement provided by either

covalently bound or dissolved CuEDTA over 7TM alpha

helical membrane proteins. Using paramagnetic enhance-

ment and low power decoupling in carbon detected

experiments we can recycle experiments *13 times faster

than under traditional conditions. However, due to the

small sample volume the overall sensitivity per unit time is

still lower than that seen in the 3.2 mm probe. Proton

detected experiments, however, showed increased

efficiency and it was found that the 1.3 mm probe could

achieve sensitivity comparable to that of the 3.2 mm in a

given amount of time. This is an attractive prospect for

samples of limited quantity, as this allows for a reduction

in the amount of protein that needs to be produced without

the necessity for increased experimental time.
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Introduction

Solid-state NMR (SSNMR) spectroscopy is emerging as a

powerful method for the study of membrane protein

structure and dynamics, and has already provided a wealth

of information on many biologically important systems

(Cady et al. 2010; Hong 2007; Hu et al. 2010; McDermott

2009; Naito 2009; Park et al. 2012; Ramamoorthy 2009;

Renault et al. 2010; Shahid et al. 2012; Sharma et al. 2010;

Wang et al. 2013). Typically, SSNMR studies require

milligram quantities of sample and employ moderate

spinning frequencies (10–20 kHz) and high radio-fre-

quency (RF) power decoupling. Such experimental condi-

tions require long recycle delays between successive scans

(1.7 s or longer) for the recovery of spin polarization and to

avoid probe and sample damage caused by the application

of high power RF.

It has recently been demonstrated that recycle delay

requirements can be reduced under fast MAS conditions, as

the application of fast spinning frequencies (40 kHz or

higher) averages anisotropic interactions more efficiently,

eliminating the need for high power decoupling (Ernst et al.

2004; Kotecha et al. 2007; Vijayan et al. 2009). When

M. E. Ward � S. Wang � L. S. Brown � V. Ladizhansky (&)

Department of Physics and Biophysics Interdepartmental Group,

University of Guelph, Guelph, ON, Canada

e-mail: vladizha@uoguelph.ca

Present Address:

S. Wang

Beijing NMR Center, Peking University, Beijing, China

S. Krishnamurthy � H. Hutchins � M. Fey

Bruker Biospin, Billerica, MA 01821, USA

123

J Biomol NMR (2014) 58:37–47

DOI 10.1007/s10858-013-9802-2



entirely low-power schemes are combined with the intro-

duction of paramagnetic dopant to reduce proton relaxation

times, recycle delays can be reduced by an order of magni-

tude (Wickramasinghe et al. 2007). Such paramagnetic do-

pants cause rapid spin–lattice relaxation of nearby protons

while rapid interproton spin diffusion redistributes the

paramagnetic relaxation enhancement effect throughout the

sample. Recently, Ishii and co-workers used fast MAS

(40 kHz), low power decoupling, and short recycle delays

enabled by exogenously added Cu(II)-EDTA as a para-

magnetic relaxation agent to develop the paramagnetic

relaxation-assisted condensed data collection (PACC)

scheme (Wickramasinghe et al. 2009). They have demon-

strated that the PACC scheme enables SSNMR studies of

small, nanomolar amounts of 13C,15N-labeled biomolecules.

The PACC scheme has further been extended to systems

containing covalently attached paramagnetic tags. The

Jaroniec lab has demonstrated similar spin–lattice relaxa-

tion time reduction in microcrystalline GB1 (the first

immunoglobulin binding domain of protein G), using

EDTA tags loaded with Cu(II) (CuEDTA) covalently

attached to cysteine residues introduced by site directed

mutagenesis (Nadaud et al. 2010). An additional benefit of

the covalent introduction of Cu(II) is that it allows for

quantification of PREs through the 15N spin–lattice relax-

ation rates, T1, which can be used to extract distance

restraints for protein structure determination (Sengupta

et al. 2012). The effects of paramagnetic relaxation

enhancement and the performance of the PACC scheme

were recently investigated in membrane proteins. Rama-

moorthy and co-workers and Rienstra and co-workers have

demonstrated that copper-chelated lipids and CuEDTA

added to the buffer can be used to speed up SSNMR data

acquisition in membrane proteins (Yamamoto et al. 2010;

Tang et al. 2011). The latter study, which was performed

on the transmembrane protein DsbB, employed 1.6 mm

rotors and spinning frequencies of 36 kHz. Although very

short proton T1 values of 50–80 ms were obtained, rela-

tively long recycle delays of 0.3–0.5 s were still necessary

to avoid sample damage and to minimize probe heating

effects.

Recent advances in probe design have extended the

range of spinning frequencies up to *80 kHz (Nishiyama

et al. 2011). Fast spinning frequencies enable the use of

low-power decoupling (Ernst et al. 2004; Kotecha et al.

2007; Vijayan et al. 2009), facilitate proton detected

experiments (Lewandowski et al. 2011; Marchetti et al.

2012; Zhou et al. 2007), and suppress coherent contribu-

tions to relaxation rates, thus providing direct access to

dynamic information (Lewandowski et al. 2010; Schanda

et al. 2010). Due to the use of small rotors, which have a

higher sensitivity per unit sample, ultrafast MAS probes are

an attractive option for the study of proteins that can only

be produced in small quantities, particularly eukaryotic

membrane proteins (Egorova-Zachernyuk et al. 2010,

2011; Werner et al. 2008). However, an important chal-

lenge in the use of these rotors is the drastically reduced

sensitivity caused by the decrease in sample volume. For

example, when experiments using 1.3 and 3.2 mm rotors

are compared the volume ratio contributes a factor of *15

or more to the relative sensitivity. Therefore, it is important

to investigate the extent to which the benefits offered by

ultrafast MAS, such as the increased coil efficiency,

accelerated acquisition schemes, and the potential for

proton detection, can compensate for this drastic reduction

in the sample volume.

In this work we investigate the performance of the

PACC scheme when applied to larger, 27 kDa membrane

proteins reconstituted in lipids and packed in small 1.3 mm

MAS NMR rotors. We examine the sensitivity of 13C-

detected experiments using a lipid-reconstituted seven

transmembrane (7TM) a-helical protein, Anabaena Sen-

sory Rhodopsin (ASR) (Jung et al. 2003). ASR forms

stable trimers in the lipid environment (Wang et al. 2012,

2013) and gives well-resolved, high signal-to-noise ratio

spectra with typical carbon and nitrogen line widths of

0.5 ppm (Shi et al. 2011). We evaluate two different ways

of introducing paramagnetic dopants, through the addition

of CuEDTA into the buffer and by covalently attaching

CuEDTA to a cysteine introduced by mutagenesis.

In contrast to previous studies on GB1 (Nadaud et al.

2010), we find that in the larger, 27 kDa ASR the single

covalently attached CuEDTA leads to only a small overall

decrease in proton spin–lattice relaxation times. On the

other hand, we found that CuEDTA added to the buffer

results in significant and fairly uniform shortening of 1H T1

relaxation in ASR samples, increasing in effectiveness as

the CuEDTA concentration increases. Overall, although we

observe a significant increase in the signal-to-noise ratio

per unit sample, we conclude that even with extensive

paramagnetic doping and fast experimental recycling, data

collection for 13C-detected experiments with the 1.3 mm

probe is ultimately much less efficient than with the

3.2 mm probe.

We further investigate the effects of fast MAS and

paramagnetic doping on proton detection experiments on a

fully deuterated 7TM protein, proteorhodopsin (PR), which

is similar to ASR in terms of its stability and the obtained

spectral quality (Shi et al. 2009a, b). For proton-detected

experiments the sensitivity per unit time of the 1.3 mm

probe is found to be comparable to that of the 3.2 mm

probe, which allows for experiments of similar sensitivity

to be performed on a drastically reduced sample quantity,

in agreement with previous observations on the a-spectrin

SH3 domain when the RAP (Reduced Adjoining Proton-

ation) labeling scheme was utilized (Asami et al. 2012).
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Experimental section

Materials

Common chemicals of reagent grade were purchased from

either Fisher Scientific (Unionville, Ontario, Canada) or

Sigma-Aldrich (Oakville, Ontario, Canada). Isotopically

labeled compounds, such as 15NH4Cl and 13C6–glucose

were obtained from Cambridge Isotope Laboratories

(Andover, MA). The Ni2?-NTA (nitrilotriacetic acid)

agarose resin was purchased from Qiagen (Mississauga,

Ontario, Canada). Lipids were purchased from Avanti

Polar Lipids (Alabaster, AL).

Expression and purification

Synthesis of uniformly 13C, 15N labeled N148C mutant

of Anabaena sensory rhodopsin

[U-13C,15N]–labeled, C-terminally truncated, His-tagged,

N148C mutant ASR (UCN N148C ASR) was produced

according to a protocol published for wild-type (WT) ASR

(Shi et al. 2011). Protein was expressed in BL21-Codon-

plus-RIL E. coli grown on M9 minimal medium at 30 �C,

using 4 g of [U-13C] labeled glucose and 1 g of 15NH4Cl

per litre of culture as the sole carbon and nitrogen sources.

When the culture reached a target cell density of

A600 = 0.4 OD protein expression was induced by the

addition of IPTG to a concentration of 1 mM and retinal to

a final concentration of 7.5 lM. After *21 h the cells

were collected by centrifugation, pre-treated with lysozyme

(12 mg/l of culture) and DNase I (600 units per litre of

culture) and then broken by sonication. The membrane

fraction was then solubilized in 1 % DDM (n-dodecyl b-d-

maltoside) at 4 �C, and purified following the batch pro-

cedure described in the Qiagen Ni2?-NTA resin manual.

Approximately 7 mg of UCN N148C ASR was purified

from 1 l of culture. The molar amount of ASR was deter-

mined by the absorbance of opsin-bound retinal, using the

extinction coefficient of 48,000 M-1cm-1 (Wada et al.

2008). Purified proteins were buffer-exchanged using an

Amicon Ultra-15 10 K centrifugal filter (Millipore, Mas-

sachusetts, MA, USA) into pH 8.0 buffer (5 mM Tris,

10 mM NaCl, 0.05 % DDM), and concentrated to *1 mg/

ml (36 lM).

Synthesis of uniformly 2H, 13C, 15N labeled

proteorhodopsin

[U-13C,15N,2H]- PR (UCND PR) samples were produced as

described previously (Ward et al. 2011). The procedure for

producing and purifying this protein is the same as that

described above for ASR, with the following key

differences. First, the cells were grown using [U-2H,13C]-

labeled glucose (4 g) as the sole carbon source and with

D2O (99.9 % purity) in the expression media. The cells

were grown to a high cell density in 2 ml (24 h) and then

25 ml (15 h) volumes before being added to the 1 l culture

to create a target cell density of A600 = 0.1 OD. After

induction with IPTG, retinal was added at intervals of

*7 h to a final concentration of 7.5 lM. PR solubilization

was performed using 1 % Triton X-100, which was

exchanged for DDM on the resin during purification.

Approximately 15 mg of UCND PR was purified from 1 l

of culture. The molar amount of PR was determined by the

absorbance of opsin-bound retinal, using the extinction

coefficient of 44,000 M-1cm-1 (Friedrich et al. 2002).

Incorporation of paramagnetic labels and lipid

reconstitution

To investigate the PRE effect on our membrane proteins,

four samples of uniformly labeled N148C ASR were cre-

ated: (1) a control sample without copper (ASR), (2) a

sample with CuEDTA covalently attached to C148 (AS-

RCu), and samples with (3) 40 mM (ASR40Cu), and (4)

80 mM CuEDTA (ASR80Cu) in the solvent (summarized

in Table 1). The latter three samples are estimated to

contain approximately 1, 4 and 8 paramagnetic centers per

protein, respectively. The number of CuEDTA molecules

per protein was estimated using the relative intensities of

the water and lipid peaks in a 1D proton detected spectra.

Given these relative intensities and the known protein to

lipid ratio, the volume of water available per protein

molecule can be calculated, and thus the number of

CuEDTA molecules in that volume of water for a given

concentration can be determined.

It has been previously shown that the native cysteine

residues present in ASR (at positions 134, 137, and 203)

are not accessible for reaction, as these residues are buried

in the intermembrane region (Wang et al. 2012). Thus,

non-native, solvent-accessible cysteines introduced into the

wild-type background of ASR can be selectively labeled

through the addition of cysteine-specific paramagnetic tags.

N148 was chosen as a mutation site as it is located on the

E–F loop and therefore should be accessible for binding

and lead to good dispersion of the paramagnetic labels

throughout the trimer. Furthermore, expression of N148C

ASR has been found to be more efficient than that of WT

ASR and other cysteine mutants, such as S26C, which we

have examined (Wang et al. 2012).

To test the accessibility of C148 to paramagnetic labeling, a

sample of solubilized N148C ASR was incubated for 1 h at

room temperature with a 20-fold molar excess of [S-Metha-

nethiosulfonylcysteaminyl] ethylenediamine-N,N,N0,N0-Tet-

raacetic Acid (MTS-EDTA, purchased from Toronto Research

J Biomol NMR (2014) 58:37–47 39
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Chemicals Inc., Ontario, Canada). Unreacted reagent was

removed by buffer-exchange. The completeness of spin

labeling was monitored and confirmed by Matrix Assisted

Laser Desorption Ionization Mass Spectroscopy (MALDI-

MS). Direct comparisons of solid-state NMR spectra between

WT ASR and the N148C mutant reveals that the mutant retains

essentially the same fold as the wild-type, with only a few

perturbations to line widths and chemical shifts being observed

in residues located close to the mutation site. For consistency,

all ASR samples were prepared using N148C ASR.

The covalently CuEDTA-labeled protein (ASRCu in the

following) was then mixed with liposomes, prepared by

hydrating dried DMPC and DMPA mixed at a 9:1 ratio (w/

w), at a protein:lipid ratio of 2:1 (w/w) and incubated for

6 h at 4 �C before Bio-Beads SM (Bio-Rad Laboratories)

were added for detergent removal. The functionality and

protein to lipid ratio of the reconstituted protein have been

tested using visible and FTIR spectroscopy, as described

previously (Shi et al. 2006, 2009a).

ASR samples with CuEDTA incorporated in the buffer

(ASR40Cu and ASR80Cu) were prepared by first mixing

solubilized protein with a 20-fold molar excess of methyl

methanethiosulfonate (MMTS, purchased from Toronto

Research Chemicals Inc., Ontario, Canada) (Religa et al.

2011) to block the cysteine SH group. Unreacted reagent

was then removed by buffer-exchange and the proteins

were reconstituted into liposomes as described previously

for ASRCu. After reconstitution, liposomes were resus-

pended in a large volume of buffer containing the desired

concentration of ethylenediaminetetraacetic acid (EDTA),

tetrasodium salt, and copper sulfate and incubated for 1 h

at 4 �C before being ultra centrifuged for packing. It is

important to note that the CuEDTA concentration was

calculated excluding the volume of the protein and lipids in

the sample, reporting on its amount in the solvent sur-

rounding the proteoliposomes.

For proton detected experiments two samples of UCND

PR were made: (1) a control sample without copper (DPR)

and (2) a sample with 80 mM CuEDTA in the solvent

(DPR80Cu). Reconstitution and CuEDTA incorporation

was performed as described above for ASR. After recon-

stitution, the UCND PR proteoliposomes were incubated in

a 40:60 H2O:D2O buffer for *24 h before the addition of

CuEDTA and collection by ultra centrifugation.

MAS SSNMR spectroscopy

All NMR experiments were performed on a Bruker Biospin

Avance III standard bore spectrometer operating at

800.230 MHz using a 1.3 mm 2H-1H-13C-15N probe used

in triple resonance 1H/13C/15N mode, with spinning at

50 kHz, and at the effective temperature of *15 �C in all

experiments. Cooling was achieved using nitrogen gas

cooled through a liquid nitrogen heat exchanger. The

effective sample temperature was calibrated using the

temperature dependence of the chemical shift of 79Br in

KBr (Thurber and Tycko 2009). Although higher spinning

frequencies were achievable, maintaining the sample tem-

perature in the range optimal for sample stability required a

much higher flow of cold nitrogen gas, resulting in ov-

ercooling of the shims in a standard bore magnet.

For each sample approximately 0.75–1 mg of UCN

N148C ASR or UCND PR was center-packed in a 1.3 mm

rotor and sealed using silicone plugs. For each of the

samples the bulk proton T1 was measured (discussed in the

Results section) and the recycle delay D1 was adjusted to

1.3T1 to maximize the signal to noise ratio in a given time

ððS=NÞTÞ as described by Eq. 1:

ðS=NÞT / 1� e�D1=T1

� � ffiffiffiffiffiffiffiffiffi
1=D1

q
ð1Þ

Here, we account for both the signal loss due to

incomplete magnetization recovery, 1� e�D1=T1

� �
, and

the signal enhancement due to the increased number of

scans,
ffiffiffiffiffiffiffiffiffi
1=D1

q� �
. Samples were stable over the course of

the NMR experiments, and showed no signs of degradation

even in measurements with recycle delays of 100 ms.

In Fig. 1 we show the pulse sequences used to record

data. Typical p/2 pulses were 1.6 ls for 1H, 4 ls for 13C,

and 5.6 ls for 15N. The 1H/15N cross-polarization (CP)

(Pines et al. 1973) contact time was 2 ms, with a constant

RF field of 30 kHz on nitrogen, while the proton lock field

was ramped linearly around the n = 1 Hartmann–Hahn

Table 1 Sample preparation conditions and bulk 1H T1 Values of N148C ASR and PR samples under 50 kHz MAS

Sample ASR ASRCu ASR40Cu ASR80Cu DPR DPR80Cu

Preparation

Conditions

ASR with

MTS-

EDTA

bound to

C148

UCN N148C ASR

with MTS-

CuEDTA bound

to C148

UCN N148C ASR with

MMTS bound to C148

with 40 mM CuEDTA in

the solvent

UCN N148C ASR with

MMTS bound to C148

with 80 mM CuEDTA in

the solvent

UCND

PR

UCNDPR with

80 mM

CuEDTA in

the solvent

Bulk1H T1

(ms)

340 ± 6 227 ± 10 113 ± 4 105 ± 5 460 ± 20 189 ± 16
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condition (Hartmann and Hahn 1962). 15N/13Ca band-

selective transfers (Baldus et al. 1998) were implemented

with a contact time of 5 ms with a constant lock field of

20 kHz strength applied on 15N, while the 13C field was

ramped linearly (10 % ramp) around 30 kHz. No proton

decoupling was applied during 15N/13Ca CP. Low power

TPPM48 (Kotecha et al. 2007) proton decoupling opti-

mized around 12 kHz was used during 15N and 13C

chemical shift evolutions. Proton detected 1H-15N corre-

lation experiments used WALTZ-16 (Shaka et al. 1983) for
15N decoupling during direct acquisition. Water suppres-

sion was accomplished by applying a train of pulses at an

RF intensity of 25 kHz, and phase shifted by p/2 every

12 ms for 240 ms.

Chemical shifts were referenced to DSS using the 13C

adamantane downfield peak resonating at 40.48 ppm as a

secondary external standard (Morcombe and Zilm 2003).

Data processing was performed using NMRPipe (Dela-

glio et al. 1995) or TopSpin 3.1 (Bruker, Karlsruhe,

Germany). Noise analysis and peak picking were per-

formed in the CARA (Keller 2004) environment. Esti-

mations of bulk T1 were done by analyzing the spectral

intensity in TopSpin 3.1.

Results and discussion

Solvent accessibility

Unlike soluble proteins, membrane embedded ASR and

PR have their hydrophobic cores and lateral surfaces

protected from solvent. Membrane protein accessibility to

polar solutes may be further affected by their orientation

in the lipid bilayer. To illustrate this, in Fig. 2a we show

a schematic representation of a proteoliposome with the

extracellular surface of ASR facing the interior, which

could be inaccessible to CuEDTA. Although the mor-

phology of our sample is most likely very different

because of the high protein to lipid ratio (approximately

1:20 molar ratio) and low water content, some protein

molecules could still be inaccessible to CuEDTA. To

study the accessibility of both sides of the proteins to

solvent after reconstitution, an unlabeled sample of

N148C ASR was reconstituted in the presence of the

hydrophilic negatively charged dye 8-hydroxyl-1,3,6-py-

renetrisulfonate (pyranine), which has absorption bands

centered at 370, 400, and 460 nm (Kano and Fendler

1978). The proteoliposomes were spun down and then

resuspended in a small volume of fresh buffer. Visual

inspection of absorption spectra, shown in Fig. 2b, con-

firmed that the proteoliposomes do not retain pyranine

upon buffer exchange, indicating that both sides of the

protein are equally accessible to polar solutes.

PRE in N148C ASR 13C-detected experiments

To optimize sample preparation conditions and the param-

eters of NMR experiments, we first measured the bulk 1H T1

of ASR, ASRCu, ASR40Cu, and ASR80Cu using an 15N-

detected proton saturation recovery experiment (Markley

1971). These samples are estimated to contain 0, 1, 4 and 8

CuEDTA molecules per protein molecule, as described in

the Methods section. Measured 1H T1 values are summa-

rized in Table 1 and discussed in the following.

We observe a relatively short 1H T1 value of 340 ms for

the diamagnetic ASR sample. A similar bulk T1 value of

*350 ms was measured at a slower spinning frequency of

14.3 kHz, indicating that interproton spin diffusion is not

greatly affected by spinning. The observed values fall into

the range of values previously reported for other diamag-

netic proteins, including ubiquitin (230 ms) (Wickrama-

singhe et al. 2009), GB1 (450 ms) (Nadaud et al. 2010),

DsbB (490 ms) (Tang et al. 2011), and Ab amyloid fibrils

(560 ms) (Wickramasinghe et al. 2009). This variation in

T1 values is likely related to the different states of these

proteins (microcrystalline, precipitated, lipid embedded),

as well as the different spinning frequencies and tempera-

tures at which experiments were performed.

Fig. 1 Pulse sequences for a 2D NCA and b 1H-detected 1H-15N

chemical shift correlation experiments. Filled and hollow bars

represent p/2 and p pulses respectively. In both experiments TPPI

(Marion and Wüthrich 1983) phase-sensitive detection is obtained in

the indirect t1 dimension by incrementing u1 by 908. In a the

following phase cycle is used: u2 = (x, x, y, y, -x, -x, -y, -y) and

urec = (x, -x, y, -y, -x, x, -y, y). The water suppression period

(WS) consisted of a train of pulses with an RF intensity of 25 kHz,

phase shifted by p/2 every 12 ms for 240 ms

J Biomol NMR (2014) 58:37–47 41
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In ASRCu, the addition of a single covalently attached

tag leads to a moderate decrease in the bulk proton T1 value

from 340 to 227 ms. We note that a much larger bulk

proton PRE effect was observed in microcrystalline GB1,

with the bulk T1 being reduced from 450 to 120 ms after

the addition of a single covalently attached CuEDTA

(Nadaud et al. 2010). As the possibility of incomplete

labeling has been ruled out through MALDI-MS, it is likely

that the significantly reduced enhancement of the bulk 1H

T1 is due to the much larger size of ASR, as the surface to

volume ratio is much smaller in ASR. Additionally, the

interproton spin diffusion required to transfer the para-

magnetic enhancement throughout the entire protein may

also be less efficient. Thus, it appears that a single cova-

lently attached CuEDTA paramagnetic tag is not sufficient

to achieve the desirable shortening of the proton spin–lat-

tice relaxation times in our samples.

As we estimate that a single covalently attached CuEDTA

is equivalent to*10 mM of free CuEDTA, it is likely that an

increase in CuEDTA concentration would further reduce the

bulk 1H T1. To verify this, we prepared ASR samples with

40 mM and 80 mM CuEDTA in the solvent. Not only are the

concentrations of CuEDTA in ASR40Cu and ASR80Cu

estimated to be approximately four and eight times higher than

that in ASRCu, but the paramagnetic dopants will now have

access to both sides of the protein. This allows loops on both

sides of the protein to be in contact with the paramagnetic

dopant, which likely doubles the effective surface area to

volume ratio and reduces the distance which the proton spin

polarization must travel. Accordingly, we see a large decrease

in the bulk 1H T1 to 113 ms in ASR40Cu. Further increase in

the CuEDTA concentration to 80 mM results in only a

marginal decrease of the bulk proton T1 to 105 ms, which

indicates that the spin–lattice relaxation enhancement effect is

approaching saturation in this range of concentrations.

To investigate site-specific 1H relaxation enhancement

and possible chemical shift and line width perturbations

caused by the different paramagnetic labeling schemes, 2D

NCA experiments were run on all four samples: ASR,

ASRCu, ASR40Cu, and ASR80Cu. All spectra were col-

lected over similar lengths of time (*13 h), and with

recycle delays D1 = 1.3T1 adjusted according to the

measured bulk T1 values (Table 1). As T1 values are pro-

gressively shortened with increasing levels of paramag-

netic doping, one expects that the sensitivity would

increase according to the increasing number of scans.

In Fig. 3 we show 2D NCA spectra measured on the four

samples with different levels of paramagnetic doping. We

expect an average sensitivity increases of*1.2, 1.55, and 1.6

in ASRCu, ASR40Cu, and ASR80Cu respectively when

compared to ASR, based on the number of scans performed

in each experiment. The resolution of all four spectra col-

lected under low power decoupling conditions (Kotecha et al.

2007) is comparable to that obtainable in a 3.2 mm Bruker

E-free probe (Shi et al. 2011), albeit the absolute sensitivity

(i.e., sensitivity from a fully packed rotor) is lower (discussed

in the following). The overall structure of the spectra remains

the same with the addition of paramagnetic doping, with only

a few insignificant perturbations to peak positions being

observed. Slight inhomogeneous line broadening, mostly in

the indirect 15N dimension, was observed in ASRCu and

ASR40Cu. The broadening is uniform over the affected

spectra and is not present in the ASR80Cu sample. As Cu(II)

mostly enhances longitudinal relaxation rates and has a small

Fig. 2 a Schematic representation of lipid reconstituted ASR at a

high protein to lipid ratio and low water content, shown to illustrate

that sides of the protein may be inaccessible to CuEDTA. Only one of

the two possible orientations of the protein in the lipids is shown.

b Absorption spectra of liposomes containing ASR reconstituted in

the presence of 5 mM pyranine immediately following removal of

biobeads (red) and following pelleting and resuspension in pyranine-

free buffer (black) at pH 8.0 which shows that pyranine is not retained

in the proteoliposomes

42 J Biomol NMR (2014) 58:37–47
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effect on T2 (Bertini et al. 2001; Jaroniec 2012), the observed

broadening is likely due to variations in the reconstitution

conditions. We did not observe instances in which a peak

appears in the spectrum for the diamagnetic sample but is not

present in the paramagnetic samples, indicating that the

addition of CuETDA, either covalently bound or in the

buffer, does not perturb the structure of ASR or significantly

affect sample quality.

Overall, increasing the concentration of CuEDTA results

in progressively better sensitivity per unit time. To deter-

mine if this enhancement is relatively uniform throughout

the protein we performed a site-specific analysis of the

signal-to-noise ratio of peaks which were resolved in all

four spectra, shown in Fig. 4. We expect that if paramag-

netic T1 enhancement were not transferred uniformly

throughout the protein through spin diffusion then we

would see a pattern of reduced sensitivity enhancement in

residues which are located far from the paramagnetic labels

due to the fast recycling and slower magnetization recovery.

In agreement with the bulk T1 estimates, moderate

enhancement with an average value of 1.2 ± 0.2 is

observed in ASRCu compared to ASR, with no apparent

correlation between the enhancement and residue proximity

to the paramagnetic center, which in this case is attached to

C148 in the E–F loop on the cytoplasmic side. For example,

we see that signals from residues A55, I56, and D57, at the

extracellular flank of helix B and in the BC loop on the

extracellular side, are as strong as those from F172 and

T173, located in the middle of helix F close to the CuEDTA

label. Thus, evaluation of the relative signal-to-noise ratio

values obtained for resolved peaks shows that there is

moderate, yet fairly uniform, enhancement across the entire

protein in ASRCu, despite the paramagnetic probe having

access only to the specific site in the EF loop of the protein.

With the addition of 40 mM CuEDTA we observe a

significant overall increase in enhancement with an average

value of 1.6 ± 0.3. Site-specific analysis shown in Fig. 4

suggests that the observed sensitivity enhancement is not

homogeneous, and is larger in the loops (e.g., the BC loop)

and in other solvent-accessible regions within helices, e.g.,

T170 (Shi et al. 2011; Wang et al. 2013). We also observe

that signals from some transmembrane residues are only

moderately enhanced (e.g., T79, T80, P81). Interestingly,

helix C is well protected according to previously published

hydrogen/deuterium exchange data (Shi et al. 2011; Wang

et al. 2013), suggesting that the proximity to solvent

exposed fragments and possible CuEDTA binding sites

appears to be important. Overall, however, despite this

variation of T1 in the sample, it appears that spin diffusion

is not a limiting factor in ASR, and is sufficient to transfer

the 1H spin–lattice PRE effect over the entire protein.

Due to the small decrease in the bulk 1H T1 values

between ASR40Cu and ASR80Cu and the generally low

signal to noise ratio of peaks, we did not expect to observe

much greater enhancement in ASR80Cu when compared to

ASR40Cu. Indeed, as shown in Fig. 4, signals from most

Fig. 3 2D NCA spectra of diamagnetic ASR (a), ASRCu (b),

ASR40Cu (c), and ASR80Cu (d). All spectra were collected at a

spinning frequency of 50 kHz and with the same total acquisition

time, but with different recycle delays D1 and number of scans NS: In

a D1 = 450 ms, NS = 792; b D1 = 295 ms, NS = 1,208;

c D1 = 150 ms, NS = 1,920; d D1 = 135 ms, NS = 2,064. Note

that the length of the pulse sequence and acquisition, *40 ms,

contributes non-negligibly to the total experimental time in experi-

ments with short D1. All data sets were processed identically using

Lorentzian-to-Gaussian apodization in both dimensions. For each

spectrum the lowest contour level is cut at 7 9 r. e–h 1D traces

extracted from 2D spectra of ASR (e), ASRCu (f), ASR40Cu (g), and

ASR80Cu (h) at the positions indicated by dashed lines with scaling

factors indicated

J Biomol NMR (2014) 58:37–47 43

123



residues have similar signal-to-noise ratios in the two

spectra, and the average increase in enhancement in

ASR80Cu is also 1.6 ± 0.3. There are, however, several

residues, primarily in the exposed regions, which experi-

ence a larger than average sensitivity increase in

ASR80Cu, which may be attributed to more even distri-

bution of the paramagnetic enhancers on the protein

surface.

It is instructive to directly compare the 13C-detected

experiments performed on the 1.3 mm probe at 50 kHz

MAS with those which we obtain on a fully packed rotor in

a Bruker 3.2 mm E-free probe with high power decoupling

at moderate spinning rates (14–15 kHz), and with a typical

recycle delay of 1.7 s. Although under optimal conditions

on the 1.3 mm probe (ASR40Cu or ASR80Cu) the recycle

delay can be reduced by a factor of approximately 13, we

still see approximately a 39 sensitivity decrease. The

sensitivity per unit mass is however greatly increased

(*59). These results are summarized in Table 2. Thus,

in situations when a protein can be expressed in sufficient

quantities, the 3.2 mm probe is a better choice, as it pro-

vides better overall 13C sensitivity. For mass-limited sam-

ples of proteins of 27 kDa investigated in this study, the

sensitivity obtained using 1.3 mm probe is sufficient for

applications involving 2D spectroscopy, but unlikely to be

adequate for more complex 3D applications.

Paramagnetically enhanced proton-detected

experiments

To investigate the potential of the PACC scheme for pro-

ton-detected spectroscopy of membrane proteins, we cre-

ated two uniformly 2H,13C,15N-labeled samples of PR. One

sample was prepared without CuEDTA as a control (DPR),

and one with 80 mM CuEDTA (DPR80Cu). Both samples

contained 40 % H2O in the solvent. The 1H T1 of DPR was

measured to be 460 ms, and with the addition of 80 mM

CuEDTA this value was reduced to 189 ms. The longer T1

values than those measured on UCN N148C ASR are likely

due to the fact that the proton bath is severely diminished

by deuteration, resulting in less efficient spin diffusion

between protons, as has been observed previously in a-

spectrin SH3 domain (Linser et al. 2007).

To further investigate the effect of CuEDTA on our

deuterated samples we collected 2D 1H-15N heteronuclear

correlation spectra on both samples. In Fig. 5, we compare

these spectra with that obtained using a 3.2 mm TL2

Bruker probe at a spinning rate of 20.5 kHz.

Fig. 4 Site-specific comparison of the relative S/N of ASRCu (blue),

ASR40Cu (red), and ASR80Cu (green) for residues which are

resolved in all four 2D NCA spectra. All S/N values are normalized to

those in spectra of diamagnetic ASR considering the same sample

quantities and experimental time. The secondary structure of ASR

derived from solid-state NMR studies (Wang et al. 2013) is shown on

top. In cases where sensitivity enhancement is not significantly

different between ASR40Cu and ASR80Cu, no ASR80Cu bar is

shown

Table 2 Sensitivity comparison between the 3.2 mm EFREE probe

and the 1.3 mm probe under optimized PACC conditions

Probe 13C-detected

experiments

1H-detected

experiments

3.2 mm 1.3 mm 3.2 mm 1.3 mm

Spinning frequency (kHz) 14.3 50 20.5 50

Relative volume 1 *0.067 1 *0.067

Recycle delay (s) 1.7 0.135 3 0.250

Relative sensitivity/scana 1 *0.11 1 *0.4

Relative sensitivity/unit

timeb
1 *0.33 1 *1

Relative sensitivity/unit

samplec
1 *5 1 *15

a Relative sensitivity of a single scan with a recycle delay of at least

3*T1

b Relative sensitivity measured over a constant time
c Sensitivity per unit sample measured over a constant time
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Taking advantage of the relatively short proton T1, faster

recycling can be used even in diamagnetic samples.

Remarkably, despite a *15-fold reduction in the amount of

sample packed in 1.3 mm rotor, it took only 80 min to

collect a 2D 1H-15N correlation spectrum with sensitivity

similar to that from a 3.2 mm rotor (Fig. 5a, b). We have

previously established that the proton line width in PR is

dominated by inhomogeneous contributions (Ward et al.

2011). In accordance, although the bulk coherence life time,

T2

0
, is strongly dependent on the spinning rate—we deter-

mined a value of 4.4 ms at 50 kHz, compared to 2.4 ms at

20.5 kHz (Ward et al. 2011)—the proton line widths are the

same, on the order of 0.15–0.25 ppm in both spectra.

The addition of 80 mM CuEDTA leads to a fairly uni-

form apparent reduction of 1H T1, which allows for faster

experimental recycling, allowing spectra of similar sensi-

tivity to be collected in 35 min. However, CuEDTA

appears to induce some spectral changes. The most obvious

one is the disappearance of several peaks in the spectrum in

Fig. 5c, namely the side chain signals of Q183 and N176,

located in the E–F loop on the cytoplasmic side, which may

be due to CuEDTA binding. Although to a much lesser

extent, the intensity of G169, which is found in the same

E–F loop, is also diminished, as can be seen in Fig. 5.

Apart from these differences the rest of the spectra are of

similar intensity to that of diamagnetic PR in Fig. 5b.

Proton detection is found to display an even better

increase in efficiency than carbon detection. As summa-

rized in Table 2, initial investigations of the sensitivity

show that the experiments performed on the 1.3 mm probe

have only *2.59 lower sensitivity than those collected on

the 3.2 mm probe. As recycle delays during proton-detec-

ted experiments on the 3.2 mm probe are increased due to

decoupling applied to the nitrogen channel during acqui-

sition (D1&3 s), despite the reduced enhancement of 1H T1

relaxation times, caused by the extensive deuteration of the

sample, we are still able to recycle proton detected

experiments 129 faster on the 1.3 mm probe. Therefore

the 1.3 mm probe and the 3.2 mm probe can achieve

comparable sensitivities in a given time. In proteins with

higher structural homogeneity than PR, proton detection

would further benefit from faster MAS rates, resulting in

higher spectral resolution and sensitivity (Lewandowski

et al. 2011). Thus, the development of proton-detected

experiments for characterizing membrane proteins in the

1.3 mm probe would be beneficial, as the characterization

of a protein would then require only *1/15 of the sample

required for the 3.2 mm probe, and still obtain the same

Fig. 5 1H-15N heteronuclear correlation spectra of U-[2H-15N-13C]-

PR. Diamagnetic PR at a spinning frequency of 20.5 kHz (a), 50 kHz

(b), and (c) 50 kHz with 80 mM CuEDTA added to the solvent. In all

cases exchangeable sites are protonated at 40 %. Dashed lines

indicate the position of the slices shown above the spectra.

Experimental times were 45, 80, and 35 min respectively. The lowest

contour on each spectrum is cut at 10 9 r. S/N values for individual

peaks are noted beside 1D slices
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sensitivity, either in protonated or per-deuterated samples

in cases when such samples can be produced.

Conclusions

We have investigated the utility of the previously intro-

duced paramagnetic relaxation-assisted condensed data

collection (PACC) scheme for applications to relatively

large 7TM proteins packed in a small 1.3 mm rotor.

Between the two studied paramagnetic doping schemes, the

covalent introduction of CuEDTA in one of the loops, and

the addition of CuEDTA in solution, the latter provided

much better paramagnetic relaxation enhancements and, in

combination with low power decoupling and magic angle

spinning of 50 kHz, permitted fast recycle delays of

135 ms (1.3T1) in samples containing 80 mM CuEDTA

(approximately 8 Cu2? ions per ASR molecule). This is

approximately 13 times faster compared to traditional

methods used in larger 3.2 mm probes. However, due to

the small sample volume the overall sensitivity per unit

time in carbon-detected experiments was still lower than

that seen in the 3.2 mm probe.

In contrast, the sensitivity of proton detection in a

1.3 mm probe is comparable to that observed earlier in the

TL2 Bruker 3.2 mm probe (Ward et al. 2011). Furthermore,

the 1.3 mm probe offers the benefit of faster spinning rates,

which in samples with homogeneous proton line widths

provides additional sensitivity enhancements (Lewandow-

ski et al. 2011). This is an attractive prospect for studies of

samples that can only be produced in limited quantity.
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