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Abstract

Solid-state NMR spectroscopy has emerged as an excellent tool to study the structure and 

dynamics of membrane proteins under native-like conditions in lipid bilayers. One of the key 

considerations in experimental design is the uniaxial rotational diffusion of the protein that can 

have a direct influence on the NMR spectral observables. In this regard, temperature plays a 

fundamental role in modulating the phase properties of the lipids, which directly influences the 

rotational diffusion rate of the protein in the bilayer. In fact, it is well established that below the 

main phase transition temperature of the lipid bilayer the protein’s motion is significantly slowed 

while above this critical temperature the rate is increased. In this article, we carried out a 

systematic comparison of the signal intensity and spectral resolution as a function of temperature 

using magic-angle-spinning (MAS) solid-state NMR spectroscopy. These observables were 

directly correlated with the relative fluidity of the lipid bilayer as inferred from differential 

scanning calorimetry (DSC). We applied our hybrid biophysical approach to polytopic membrane 

protein multidrug resistance transporters (EmrE and SugE) in the presence of model membrane 

lipid compositions (DMPC-14:0 and DPPC-16:0). From these experiments, we conclude that the 

rotational diffusion giving optimal spectral resolution corresponds to a bilayer fluidity of ~5%, 

which corresponds to the percentage of lipids in the fluid or liquid-crystalline fraction. At the 

temperature corresponding to this critical value of fluidity, there is sufficient mobility to reduce 

inhomogeneous line broadening that occurs at lower temperatures. A greater extent of fluidity 

leads to faster uniaxial rotational diffusion and a sigmoidal-type drop in the NMR signal intensity, 

which stems from intermediate-exchange dynamics where the motion has a similar frequency as 

the NMR observables (i.e., dipolar couplings and chemical shift anisotropy). These experiments 

provide insight into the optimal temperature ranges and corresponding bilayer fluidity to study 

membrane proteins by solid-state NMR spectroscopy.
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INTRODUCTION

Membrane protein structure determination is important for deciphering molecular-scale 

details of essential biological events including ion homeostasis, cell signaling pathways, and 

transport of metabolites. Both NMR and X-ray crystallography have contributed to the 

knowledge database of the structures for these hydrophobic proteins. One method that has 

gained traction in recent years is solid-state NMR spectroscopy. In this technique, it is 

possible to study the proteins under native-like conditions such as phospholipid bilayers that 

are better mimics to cellular membranes than detergent micelles. Indeed, synthetic lipid 

membranes have been extensively studied and are often used for reconstituting membrane 

proteins for solid-state NMR and EPR spectroscopy [1–6]. The two major disciplines within 

solid-state NMR for characterizing membrane proteins are magic-angle-spinning (MAS) [7–

10] and the oriented approach [11–13]. The latter has been extensively used to probe the tilt 

angles of membrane protein secondary structures with respect to the lipid bilayer as well as 

for backbone structure determination [1, 14–22]. The MAS method is more commonly 

employed due to the simplified sample preparations that do not require the protein to be 

macroscopically aligned in the magnetic field. In addition, it is common to obtain one or 

more 13C detection periods such as the afterglow method [23, 24] that substantially 

enhances sensitivity over 15N detection schemes commonly employed in oriented 

approaches. For both methods, one of the intrinsic motional parameters that affects the 

ability to record high-quality structural data is the presence of uniaxial rotational motion 

about the membrane normal [25–28]. Indeed, when this diffusion rate is comparable to the 

frequency of the NMR observables, signal-to-noise and resolution suffer [29] and the spectra 

become difficult to interpret. Unlike microcrystalline soluble and membrane proteins studied 

by MAS, these intrinsic motional properties also depend on the fluidity of the membrane. In 

model lipid membrane compositions, the two relevant phase regions below the melting 

temperature (Tm) correspond to the gel and ripple phases [30, 31]. For synthetic 
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phospholipid bilayers, the primary parameter that dictates the largest fluidity of the 

membrane is the main phase transition [32]. Above Tm, the lipids are in the liquid-

crystalline state, in which the hydrocarbon chains are in a disordered, fluid-like state [30]. 

Indeed, it has been documented that below the main phase transition, the uniaxial rotational 

diffusion is significantly slowed while above the Tm, the diffusional rate is increased in the 

fluid phase of the lipid bilayer [33]. The ripple phase or pre-transition corresponds with the 

beginning of bilayer melting, in which some of the lipids are in a semi-ordered, gel-like 

phase interspersed with lipids in the more fluid and disordered liquid-crystalline phase [34, 

35]. Below the pre-transition, the bilayer is in a solid-like gel phase. The incorporation of 

membrane proteins into the lipid bilayer results in a broadening of both the pre-transition 

and main phase transition such that at relatively low lipid:protein ratios the former can be 

broad beyond detection [36–38].

In this work, we took a systematic approach to correlating the membrane fluidity with the 

solid-state NMR spectral quality from MAS (sensitivity and resolution) for polytopic 

membrane transporters from the small multidrug resistant (SMR) family. Our experiments 

involved measuring main phase transitions of proteoliposomes (SMR proteins in DMPC and 

DPPC) using differential scanning calorimetry (DSC) and acquisition of multidimensional 

MAS spectra under a wide range of temperatures. Our findings serve as a guide for 

optimizing membrane protein studies by MAS and show that the optimal rotational 

dynamics for high quality NMR spectra of polytopic membrane proteins requires diffusional 

rates that are neither too fast nor too slow.

2. METHODS

2.1 Growth and Purification of EmrE and SugE

EmrE was expressed as a fusion protein with maltose binding protein (MBP) in BL21 (DE3) 

cells. To selectively incorporate [2-13C,15N] Leu, cells were grown in M9 minimal media 

containing 120 mg/L of [2-13C,15N] Leu (Sigma-Aldrich), 800 mg/L of natural abundance 

Ile and Val, and 300 mg/L of all other amino acids. For simultaneous incorporation of Leu 

and Val, the media contained 120 mg/L of [2-13C,15N] Leu, 120 mg/L of [13C5,15N] Val 

(Sigma-Aldrich), 800 mg/L of natural abundance Ile, and 300 mg/L of all other amino acids. 

EmrE was purified as previously described [1, 24]. Reverse-IL labeled SugE (U-[13C,15N] 

with natural abundance Ile and Leu) was grown and purified in the same manner as EmrE 

[24].

2.2 Reconstitution of EmrE into DPPC or DMPC Liposomes

EmrE was purified in DDM detergent (buffer: 20 mM Na2HPO4 and 20 mM NaCl at pH 

6.9) and reconstituted into 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) or 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (Avanti Polar Lipids) using Bio-Beads 

(Biorad) overnight at 4 °C (45:1 w:w of Bio-Beads to detergent). Proteoliposomes were 

pelleted via ultracentrifugation at 177,000 x g (max) for 1.5 hours. For NMR samples, the 

buffer was exchanged to 20 mM HEPES (pH 6.9), 20 mM NaCl, 50 mM DTT, and 0.05% 

NaN3 and packed into the 3.2 mm MAS rotor.

Banigan et al. Page 3

Biochim Biophys Acta. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.3 Differential Scanning Calorimetry

DSC experiments were performed with a nanoDSC (model 6300; TA Instruments). The 

samples were suspended in 20 mM Na2HPO4, 20 mM NaCl at pH 6.9. The apo EmrE 

experiments used a lipid:monomer ratio of 100:1 (mol:mol). The lipid concentration in the 

experiments was 9.2 mM. The temperature range for DSC was 4–55 °C with a scanning rate 

of 4.8 °C/hr at a constant pressure of 3 atm and 600 sec of equilibration time prior to 

scanning. A blank run was performed with buffer alone and subtracted from the sample 

curves to obtain ΔCp. Data was analyzed using NanoAnalyze v2.4.1 (TA Instruments), 

Gnuplot v4.6, and Matlab vR2012a (MathWorks).

2.4 NMR Spectroscopy

The pelleted proteoliposomes were partially dehydrated using lyophilization and then 

center-packed into 3.2 mm thin-walled rotors using sample spacers. All MAS experiments 

were performed at 14.1 T using a DD2 spectrometer (Agilent) with a BioMAS probe 

(Agilent) doubly tuned to 1H and 13C or triply tuned to 1H, 13C, and 15N. The 90° pulses 

for 1H, 13C, and 15N corresponded to frequency strengths ω/2π of 100 kHz, 45.5 kHz, and 

45.5 kHz, respectively. MAS rates were 10 kHz or 12.5 kHz. The temperature titration 

1D 1H-13C cross-polarization experiments used a contact time of 200 μs, an acquisition time 

of 25 msec, a 13C spectral width of 100 kHz, and TPPM 1H decoupling [39] at 100 kHz (ω/

2π). 2D NCA experiments were acquired on TPP+ bound [2-13C,15N-Leu]-EmrE in DMPC. 

The 1H-15N contact time was 600 μsec or 950 μsec (shorter at warmer temperatures to 

compensate for 1H T1ρ values). The transfer from 15N to 13CA used SPECIFIC-CP [40] and 

a contact time of 3.5 to 4.5 msec (shorter at warmer temperatures). The indirect dimension 

had a spectral width of 3125 Hz and 8 msec of acquisition. The direct dimension had a 

spectral width of 100 kHz and 25 msec of acquisition time. The 2D spectra were acquired 

with 64 scans (−21 °C, −10 °C, −1 °C), 128 scans (9 °C), or 320 scans (14 °C) to partially 

account for the loss in signal-to-noise from increases in temperature. The variable 

temperature display and effect of spinning was calibrated using methanol [41]. The heating 

due to decoupling was determined with KBr inside a rotor containing DMPC hydrated with 

the buffer, to simulate a protein sample. Specifically, KBr (~16.5 mg) was placed between 

the top spacer and the rotor cap and did not mix with the lipid. The temperature difference 

was found to be ~1.5 °C, using the chemical shift difference of 79Br [42] with and without 

20 msec of 1H decoupling (ω/2π ~100 kHz, recycle delay of 2 sec), which is consistent with 

heating previously reported with a scroll coil in the bioMAS probe [43]. Data were 

processed with VnmrJ v3.1a (Agilent), NMRPipe [44], Gnuplot v4.6, and Sparky [45].

3. Results

3.1 Differential Scanning Calorimetry

To correlate the bilayer fluidity with the MAS solid-state NMR observables, we relied on 

membrane transporters from the SMR family [46, 47] reconstituted into synthetic lipid 

bilayers. The primary sequence and predicted transmembrane (TM) domains of the model 

SMR protein EmrE are shown schematically in Figure 1A. For carrying out the differential 

scanning calorimetry (DSC) experiments, we reconstituted EmrE into DMPC (14:0) and 

DPPC (16:0) liposomes at a lipid:protein ratio of 100:1. The lipid only vesicles were created 
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in an identical fashion through detergent to ensure similar liposome formation mediated by 

the polystyrene beads. The DSC thermogram data provides a plot of the heat capacity as a 

function of temperature with the peaks corresponding to phase transitions. In this work, we 

integrated the DSC data as a proxy for bilayer fluidity which is essentially the fraction of 

lipids in the liquid-crystalline phase [32]. All values of fluidity are reported as fluid fraction 

that resulted from cumulative integration of the main phase transition peak from the DSC 

thermogram data. In the gel phase, the bilayer is ordered and rigid (fluid fraction = 0), 

whereas in the liquid-crystalline phase, the bilayer is dynamic and disordered (fluid fraction 

= 1) [30, 32, 34]. Figure 2 shows the lipid-only bilayers where the pre-transition (gel to 

ripple phase transition) is seen as a small, broad peak at ~10 °C below the main phase 

transition for both DMPC and DPPC bilayers (Figure 2A and D). This phase transition is 

considered the start of bilayer melting, and is a period where the bilayer is dominated by 

rigid lipid acyl chains, periodically separated by more fluid lipid acyl chains, as well as 

marking the point where the fluid fraction begins to rise [34, 35]. In the absence of protein, 

the main phase transition (Tm) is highly cooperative, exhibiting a sharp and narrow peak. 

Identical DSC experiments were carried out in the presence of native EmrE, and show that 

the pre-transition in DMPC is no longer detectable and the main phase transition is 

significantly broadened (Figure 2B) as previously demonstrated for a wide variety of 

integral membrane proteins [37, 48, 49]. The effects on the Tm are similar for DPPC in that 

the main phase transition is also broadened relative to the protein-free state (Figure 2E). 

However, unlike DMPC, the pre-transition in the presence of 100:1 lipid:EmrE remains 

visible in the DSC thermogram (Figure 2D). This result is consistent with previous 

experiments showing a negative correlation between pre-transition sensitivity to protein 

incorporation and lipid acyl chain length, possibly due to the hydrophobic mismatch in 

length between the protein and the lipid hydrocarbon chains [37].

3.2 Temperature Effects on 1H-13C Cross-polarization

To measure NMR lineshapes and signal intensities under different lipid phases, we recorded 

1D 1H-13C cross-polarization (CP) spectra as a function of temperature in order to mimic the 

DSC experiments. Since all of our NMR experiments detected on 13C, we relied on a 

[13Cα,15N-Leu] labeled EmrE sample in order to remove one-bond 13C-13C J-couplings that 

would otherwise increase linewidths and reduce spectral resolution. The protein was 

reconstituted into DMPC liposomes in an identical fashion as that used for the DSC 

experiments. Figure 3 shows the 1D 13C CP spectra as a function of temperature, which 

reveals a dramatic sigmoidal dependence that begins with high signal intensities at frozen 

temperatures to reduced values at temperatures above the main phase transition. The latter 

effect has been described in the literature for solid-state NMR lineshapes and other 

biophysical methods [25, 29], and is a result of uniaxial rotational diffusion of membrane 

proteins in an intermediate timescale regime that induces a line-broadening effect [29]. From 

the Saffman-Delbrück equation [50] we estimated a rotational rate of ~1.5 × 105 s−1 at 25 

°C, using a literature bilayer viscosity of 4 poise [51], and EmrE dimer dimensions of ~25 Å 

(height) and ~15 Å (radius) [52]. This rate is comparable to the frequencies of the NMR 

observables, resulting in the observed peak broadening. Unlike what was observed with the 

M2 transmembrane peptide [29], EmrE resonances did not become narrowed with 

increasing temperature, suggesting that the transporter remained in an intermediate 
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rotational motion regime up to 46 °C. The linear temperature dependence in the Saffman-

Delbrück equation most likely prevents rotational diffusion from entering a fast-regime for 

EmrE, explaining why the 1H-13C CP signal does not increase at higher temperatures.

In Figure 4, we observed that the MAS signal intensities dramatically decreased at 

temperatures above ~13 °C. Since the main phase transition was ~23 °C as determined by 

DSC, this suggested that the fluidity of the membrane prior to a significant melting was 

sufficient to induce an influential effect on the NMR spectra. While the pre-transition for 

DMPC proteoliposomes was broad beyond detection at a 100:1 lipid:protein ratio, we 

anticipate that a similar degree of fluidity remained in the presence of EmrE that enabled 

greater protein rotational motion in this pre-transition-like region [34]. Consistent with this 

observation are previous studies on cytochrome C oxidase by EPR spectroscopy [26] and 

bacteriorhodopsin by EPR spectroscopy [6] and flash photolysis [51] that showed decreased 

rotational correlation times in DMPC liposomes between the pre-transition and the main 

phase transition.

To examine if our observable applied to other model membranes with different phase 

transition temperatures, we repeated the MAS experiments with EmrE in DPPC (16:0, Tm = 

41°C). Consistent with the DMPC preparations, we used identical conditions for the DPPC 

reconstitutions as those corresponding to the DSC samples. The DPPC 1D CP spectra are 

shown in Figure 4 and also showed a sigmoidal dependence. Note that the signal to noise 

curve for DPPC was right-shifted relative to DMPC (Figure 4; midpoint of ~32 °C), 

reflecting the fact that the uniaxial rotational motion was dependent on the membrane 

fluidity as measured by DSC (Figure 2). The drop in the signal intensity again did not 

directly correspond to the bilayer melting, but rather the inflection point was ~12 °C lower 

than the main phase transition. In order to directly compare the bilayer fluid fraction with 

the NMR signal intensities, we normalized the latter from a scale of 0 to 1 with the overlay 

shown in Figure 5. A comparison between the lipid fluid fraction and the signal intensity 

shows that a small amount of mobility in the bilayer is sufficient to reduce NMR signal 

intensities in CP spectra prior to the main phase transition temperature. In fact, both the 

DMPC and DPPC signal intensity curves are left-shifted with respect to the DSC integrated 

curves. When the fluid fraction of the bilayer approaches ~5% a dramatic decrease in signal 

intensity becomes apparent in the spectra. For the lipids we tested, the 5% fluidity 

corresponds to ~10–20 °C below the main phase transition of the lipid. These data support 

the conclusion that residual fluidity present prior to the main phase transition leads to 

uniaxial rotational diffusion that may stem from the mobility created in the ripple phase of 

DMPC and DPPC [6, 53, 54].

3.3 Validation with a Second Membrane Protein, SugE

To obtain additional evidence for a second membrane protein, we performed the 

same 1H-13C CP temperature titration using SugE, an SMR protein of the SUG sub-class 

[47]. The protein was [U-13C,15N] and reverse labeled with Ile and Leu and reconstituted 

into 3:1 DMPC:DMPG liposomes. DMPC and DMPG are both 14:0 saturated lipids and 

have the same main phase transition temperature. Similar to the EmrE signal intensity 

profiles as a function of temperature, SugE also showed a sigmoidal dependence. Note that 
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we integrated an identical region (50–61 ppm) of the spectrum in order to avoid errors 

associated with natural abundance lipid signals. Consistent to the value for EmrE, we found 

that at ~12 °C the intensity of peaks in SugE begin to substantially diminish. This suggests 

that the conditions used for optimizing membrane proteins in a particular model lipid bilayer 

may be preserved for other proteins.

Furthermore, to confirm that uniaxial rotation was responsible for the line broadening 

observed, we carried out a 1H-15N CP experiment at a slow spinning rate of 5 kHz that was 

not sufficiently fast to remove the side bands. When uniaxial rotation is slow, the 15N 

chemical shift anisotropy is not fully averaged, which results in the ability to detect spinning 

sidebands [3, 55]. As seen in Figure 6C, we observed these sidebands at temperatures below 

the main phase transition. However, at temperatures above 24 °C (i.e., > Tm) the sidebands 

are no longer present, which is indicative of faster whole-body uniaxial rotational motion of 

SugE in the bilayer.

3.4 Multidimensional Experiments to Investigate the Linewidths

Although the 1D spectra allowed for quantification of signal to noise, it was difficult to 

accurately quantify individual peak linewidths from these experiments. For this reason, we 

also recorded heteronuclear 15N-13CA 2D heteronuclear correlation spectra (NCA) with 

EmrE in DMPC liposomes. These experiments utilize two CP elements: (1) 1H to 15N and 

(2) a selective transfer from 13Cα to 15N [40]. Similar to the temperature dependence of the 

1D 13C CP spectra, the signal intensities in the double CP experiments also gave a sigmoidal 

dependence (Figure 7). However, the 2D spectra paint a clearer picture with respect to the 

linewidths of the resonances and the overall spectral resolution. While the signal to noise 

was among the highest at temperatures < 0 °C, the spectra were poorly resolved in the 2D 

NCA experiments, which was indicative of inhomogeneous line broadening [56]. 

Interestingly, the most resolved 2D spectrum was obtained at ~9 °C (Figure 7A), which 

correlated with the temperature value where the signal intensity started to decrease in the 

1D 13C CP spectra (Figure 4). This can be seen for L85, which has a 13C linewidth of ~0.4 

ppm at ~9 °C, where at lower temperatures, L85 was broader and more unresolved (Figure 

7C). This observable suggests that the optimal temperature for membrane protein resolution 

in model DMPC bilayers corresponds to a critical fluidity of ~5% (Figure 7C). In fact, the 

optimal resolution for DPPC also corresponded with this critical level of fluidity at which 

the 1D 13C CP curves diminished in signal to noise (Figure 4 and 7D). Interestingly, the pre-

transition of DPPC in the presence of EmrE was sufficient to introduce a large amount of 

uniaxial rotational motion and thus the optimal resolution was obtained at 24 °C 

(corresponding to 5% fluidity), which is ~8 °C lower than the pre-transition value. After the 

temperature exceeds the value corresponding to the 5% fluid fraction (critical fluidity) the 

rotational diffusion becomes exceedingly fast and becomes a line-broadening mechanism 

that interferes with the MAS averaging and results in intermediate exchange.

4. Discussion

The ability to study membrane proteins in lipid bilayers is the preferable way to obtain 

information about structure and dynamics. In pursuit of this objective, our results highlight a 

delicate balance between signal intensity and spectral resolution that is directly related to the 
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physical state of the lipid bilayers. In model membranes containing no protein, the disorder 

or fluidity of the bilayer slowly increases at the pre-transition, followed by a rapid increase 

in fluidity at the main phase transition (Figure 2C and 2F) [34]. However, in the presence of 

protein, the phase transitions are substantially broadened. A comparison of the lipid fluidity 

curves from DSC with our intensity retention (Figure 5) reveals a marked leftward 

temperature shift in the 1H-13C CP plot, suggesting the presence of sufficient membrane 

fluidity prior to the main phase transition [37]. Specifically, the DSC/solid-state NMR 

correlation plots suggest that the most important temperature for optimal solid-state NMR 

spectra corresponds to a ~5% fluidity, where 5% of the lipids are in the fluid-fraction, as 

measured by DSC. In other words, for the solid-state NMR spectra, this temperature value 

acts as a fulcrum point of critical fluidity. At this temperature, the uniaxial rotational motion 

is slow enough to not dramatically interfere with the NMR observables, resulting in optimal 

linewidths and only marginal 10–20% losses in signal to noise relative to the frozen 

samples. In fact, the spectra acquired at this critical fluidity were devoid of severe 

inhomogeneous line broadening present in spectra acquired below 0 °C [56]. Since MAS 

studies of helical membrane proteins suffer primarily from resolution due to the similarity of 

chemical shifts, it is essential to optimize the experimental conditions that give the best 

resolution. We found that when the bilayer fluidity exceeds ~5–10%, the resulting spectra 

are substantially worse in both sensitivity and resolution as a result of the protein’s uniaxial 

rotational motion moving from the slow to intermediate chemical exchange regime. This 

finding is pertinent to the rotationally aligned method that requires fast uniaxial rotational 

motion to calculate anisotropic NMR parameters with respect to the membrane normal (e.g., 

tilt angles) without preparation of a macroscopically aligned sample [25, 29, 33].

Our conclusions are based on data obtained from two membrane proteins (EmrE and SugE) 

and are consistent with common temperatures employed for other membrane proteins that 

have given high-quality spectra in the literature [2, 33]. For EmrE and SugE, we were 

unable to obtain a temperature regime that corresponded to fast uniaxial motion relative to 

the chemical shift frequencies. In other words, a fully fluid bilayer gave membrane protein 

spectra that were severely broadened. Based on the rotational diffusion rate calculated from 

the Saffman-Delbrück equation for the EmrE dimer (8 TM domains), we anticipate a similar 

result for other large polytopic membrane proteins, where temperatures above the main 

phase transition of synthetic lipid bilayers will be insufficient to enter the fast uniaxial 

rotational regime with respect to the NMR observables (chemical shift anisotropy and 

dipolar couplings). This represents a challenge for studying large polytopic membrane 

proteins in model membranes and necessitates the study of these samples in conditions that 

limit the rotational diffusion. A possible alternative to overcoming the limitations of 

studying membrane proteins above the main phase transition is to decrease the lipid to 

protein molar ratio. For example, our experimental conditions utilized a 170:1 lipid:dimer 

molar ratio, which would give ~3 lipid hydration layers surrounding the EmrE dimer on 

each leaflet (assuming a PC headgroup area of 0.65 nm2 [57] and an EmrE dimer radius of 

15 Å). From this calculation, this would give ~4 layers of unbound lipids between the EmrE 

dimer and the boundary lipid layer. Therefore, removal of unbound lipids by reducing the 

lipid to protein ratio may result in a membrane with effectively greater viscosity and a 
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decreased rotational diffusion rate of the protein under conditions above the nominal 

protein-lipid phase transition.

Future studies on polytopic membrane proteins will benefit from the use of lipid extracts or 

lipid compositions that closely mimic the biological membrane. Indeed, one potential 

drawback of model liposomes is that the chain length of the synthetic lipids can influence 

protein tilt angles and function due to effects arising from hydrophobic mismatch [29, 58, 

59]. In addition, from a biological perspective, native membranes are believed to be more 

mosaic and viscous than the fluid conditions used for many biophysical studies of model 

membranes [60]. Indeed, it has been shown that using a eukaryotic membrane mimic 

containing cholesterol that the M2 transmembrane peptide showed significantly slower 

rotational diffusion compared to measurements in model DMPC bilayers [61]. Thus, the use 

of biological membrane mimics are likely to provide an avenue to studying polytopic 

membrane proteins at physiological temperatures that also enable high-quality NMR spectra 

to be obtained [62, 63].

5. Concluding Remarks

We carried out a comparative DSC/solid-state NMR study and observed that a critical 

fluidity of ~5% gave optimal spectral resolution while maintaining acceptable sensitivity for 

carrying out structural studies of membrane proteins in model lipid bilayers. These findings 

provide a framework for understanding the role of temperature in balancing sensitivity and 

resolution in solid-state NMR studies of polytopic membrane proteins in model lipid 

bilayers. In addition, our results suggest that DSC may provide a cost-effective route for 

screening lipid conditions for studying non-crystalline proteoliposome samples by MAS 

solid-state NMR spectroscopy.
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ABBREVIATIONS

SSNMR Solid-state NMR

MAS magic-angle-spinning

CP cross-polarization

DSC differential scanning calorimetry

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine

DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
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Highlights

• NMR investigation of temperature effects for membrane proteins in lipid 

bilayers

• Solid-state NMR membrane protein spectra were correlated to lipid bilayer 

fluidity

• Optimal NMR spectral resolution was found ~15 °C below bilayer melting

• Broad MAS spectra persisted above bilayer melting temperature (intermediate 

regime)
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Figure 1. 
(a) Sequence and transmembrane domains of the EmrE monomer. (b) Depiction of EmrE 

undergoing uniaxial rotation diffusion in the lipid bilayer, where the axis of rotation is 

parallel to the membrane normal. The image of EmrE is from PDB 2I68 [52].
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Figure 2. 
Excess heat capacity was measured by DSC for (a) DMPC (ΔTm,1/2 = 0.19 °C) and (b) 

DMPC with EmrE (ΔTm,1/2 = 4.5 °C). In the presence of protein, the main phase transition 

is broadened and the pre-transition vanishes. (c) The fraction of lipids in a fluid-state, or 

liquid-crystalline phase, was determined by cumulative integration of ΔCp followed by 

normalization with respect to the total enthalpy change. The same experiments were 

performed with (d) DPPC only (ΔTm,1/2 = 0.17 °C) and (e) DPPC with EmrE (ΔTm,1/2 = 1.4 

°C). (f) The fluid fraction of DPPC. The insets in panels a, b, d, and e highlight the pre-

transition region in each thermogram. The lipid concentration was 9.2 mM and the 

lipid:protein ratio was 100:1 (lipid:monomer), when protein was present.
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Figure 3. 
1D 1H-13C cross-polarization spectra of the temperature titration with EmrE in (a) DMPC 

and (b) DPPC. The boxes indicate the region used for intensity integration (50–61 ppm) 

shown in Figure 4. The main phase transition temperatures determined from the DSC data 

were 22.7 °C and 40.7 °C for DMPC and DPPC proteoliposomes, respectively. As the 

temperature increases, the NMR signal becomes broader due to increased uniaxial rotation. 

At the value of critical membrane fluidity (corresponding to ~5%), the signal intensity drops 

rapidly as the protein’s uniaxial rotation enters the intermediate motional regime.
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Figure 4. 
The integrated signal intensities for [13Cα,15N-Leu] EmrE in DMPC (black) and [13C,15N-

Val, 13Cα,15N-Leu] EmrE in DPPC (red) from the spectra in Figure 3. The integrations were 

carried out between 50 and 61 ppm in the 13C spectra. The solid curves represent sigmoidal 

fits for the two lipid compositions, where the inflection point is at 20.4 °C for DMPC and 

32.3 °C for DPPC. The dashed lines mark Tm for DMPC (black, 22.7 °C) and DPPC (red, 

40.7 °C).
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Figure 5. 
Comparison of the DSC relative bilayer fluidity with the NMR signal intensities. The fluid 

fraction was determined from DSC by integrating ΔCp and normalizing it to the enthalpy 

corresponding to bilayer melting (Tm). Note that this is plotted as (1 – fluid fraction) and is 

inverted relative to Figure 2C and 2F, for easier comparison with the NMR signal 

intensities. The NMR signal intensities from Figure 4 were renormalized from 0 to 1 in 

order to directly compare with the DSC data. The NMR data acquired in DMPC (panel a) 

and DPPC (panel b) both show sharp drops in signal intensity prior to bilayer melting, which 

shows that there is sufficient motion to allow intermediate uniaxial rotational diffusion that 

leads to signal line broadening.
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Figure 6. 
MAS CP spectra and normalized intensities for the membrane transporter SugE in lipid 

bilayers. (A) Normalized intensity versus temperature of reverse-Ile/Leu labeled SugE in 3:1 

DMPC/DMPG proteoliposomes. The black line is a sigmoidal fit of the normalized 

integrated intensity (the inflection point is at 18.3 °C). The intensities were obtained by 

integrating the 13C spectra between 50 and 61 ppm. (B) 1D 1H-13C CP spectra of SugE that 

were integrated in panel A. (C) 1D 1H-15N spectra of SugE at a spinning rate of 5 kHz. The 

spinning sidebands are visible at lower temperatures when the uniaxial rotational motion is 

slow and subsequently disappear as the membrane environment becomes more fluid at 

temperatures above the main phase transition.
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Figure 7. 
(a) 2D NCA spectra of TPP+-bound EmrE in DMPC as a function of temperature. The 

spectra at 9 °C and 14 °C were acquired with 2-fold and 5-fold the number of scans relative 

to the lower temperature spectra in order to account for the differences in signal-to-noise, 

respectively. (b) Normalized signal-to-noise (in 64 scans) versus temperature for the 1D N-

CA with DMPC. The blue dashed line marks Tm of DMPC. (c and d) Extracted 1D 13C 

slices from the 2D NCA spectra (15N shift of 118.4 ppm) for DMPC and DPPC, 

respectively. The slices are shown at a normalized peak height. As the temperature increased 

above freezing, the linewidths improved, signal to noise and linewidth decrease upon 

crossing the point of critical fluidity. The optimal resolution occurs at a temperature when 

the signal:noise is less than the maximal value.
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