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Abstract Solid-state NMR spectra of membrane proteins

often show significant line broadening at cryogenic tem-

peratures. Here we investigate the effects of several cryo-

protectants to preserve the spectral resolution of lipid

membranes and membrane peptides at temperatures down to

*200 K. Trehalose, glycerol, dimethylsulfoxide (DMSO),

dimethylformamide (DMF), and polyethylene glycol (PEG),

were chosen. These compounds are commonly used in pro-

tein crystallography and cryobiology. 13C and 1H magic-

angle-spinning spectra of several types of lipid membranes

show that DMSO provides the best resolution enhancement

over unprotected membranes and also best retards ice for-

mation at low temperature. DMF and PEG-400 show slightly

weaker cryoprotection, while glycerol and trehalose neither

prevent membrane line broadening nor prevent ice formation

under the conditions of our study. Neutral saturated-chain

phospholipids are the most amenable to cryoprotection,

whereas negatively charged and unsaturated lipids attenuate

cryoprotection. 13C–1H dipolar couplings and 31P chemical

shift anisotropies indicate that high spectral resolution at low

temperature is correlated with stronger immobilization of the

lipids at high temperature, indicating that line narrowing

results from reduction of the conformational space sampled

by the lipid molecules at high temperature. DMSO selec-

tively narrowed the linewidths of the most disordered resi-

dues in the influenza M2 transmembrane peptide, while

residues that exhibit narrow linewidths in the unprotected

membrane are less impacted. A relatively rigid b-hairpin

antimicrobial peptide, PG-1, showed a linewidth increase of

*0.5 ppm over a *70 K temperature drop both with and

without cryoprotection. Finally, a short-chain saturated lipid,

DLPE, exhibits excellent linewidths, suggesting that it may

be a good medium for membrane protein structure determi-

nation. The three best cryoprotectants found in this work—

DMSO, PEG, and DMF—should be useful for low-temper-

ature membrane-protein structural studies by SSNMR

without compromising spectral resolution.
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Introduction

Magic-angle-spinning (MAS) solid-state NMR (SSNMR)

spectroscopy is a powerful technique for determining the

high-resolution structures of membranes proteins (Cady

et al. 2010; Lange et al. 2006), amyloid fibrils (Tang et al.

2013; Tycko 2011; Wasmer et al. 2008), and other bio-

logical systems such as bacterial and plant cell walls (Dick-

Perez et al. 2011; Loquet et al. 2012; Renault et al. 2012;

Wang et al. 2013a, b). For most non-crystalline com-

pounds, the linewidths of SSNMR spectra are much larger

than solution NMR spectra of soluble molecules, even

when fast MAS, strong 1H decoupling, and 1H dilution are

employed, because a major source of the linewidths, which

cannot be remedied by radiofrequency pulses, is molecular

conformational disorder, which creates a distribution of

chemical shifts for each chemically inequivalent nuclear

spin. At ambient temperature, molecular motions such as

small-amplitude torsional fluctuations and sidechain
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reorientations are present to partially average this confor-

mational distribution and narrow the chemical shift line-

widths. But at low temperature, motions slow down

sufficiently, thus broadening the linewidths to reflect the

conformational and dynamic disorder at high temperature

(Su et al. 2010; Su and Hong 2011).

Cryogenic-temperature SSNMR spectroscopy has

become increasingly important in recent years due to the

advent of high-frequency dynamic nuclear polarization

(DNP) and studies of transient biological processes (Tycko

2013). DNP enhances the NMR sensitivity by as much as

two orders of magnitude by transferring the electron

polarization to nuclei (Carver and Slichter 1956; Maly

et al. 2008; Ni et al. 2013) and is best conducted below

*100 K where the sensitivity enhancement is high. To

study transient states during fast processes such as protein

folding, these states need to be trapped by low temperature

(Hu et al. 2010). However, at cryogenic temperatures,

moderate to severe line broadening has been observed for

many hydrated biological samples (Linden et al. 2011;

Siemer et al. 2012), even when these samples are protected

by a glycerol-water solution to minimize ice formation.

Exceptions to this low-temperature line broadening have

been reported for an anhydrous peptide crystal (Bajaj et al.

2009) and hydrated GB1 that contains high concentrations

of a cryoprotectant (Franks et al. 2005).

If low-temperature line broadening significantly results

from the trapping of multiple molecular conformations that

are sampled at high temperature, then in principle one

approach to minimize this line broadening is to reduce the

high-temperature dynamic and conformational disorder, as

long as the disorder is not functionally important. In this

work, we investigate the utilities of several cryoprotectants

for narrowing the linewidths of lipid membranes and

membrane peptides at temperatures down to *200 K.

Cryoprotectants are commonly used in cell biology (Labbe

et al. 1997; Storey et al. 1998), protein crystallography

(Petsko 1975; Rosenbaum et al. 2011), and cryoelectron

microscopy and tomography (Tivol et al. 2008) to preserve

the structural and functional integrity of cells and macro-

molecules. However, comparisons of the efficacies of

cryoprotectants have often led to contradicting results, and

molecular insights are limited. It is known that the cryo-

protecting effect on lipid membranes is only partly colli-

gative; electrostatic interactions with lipid polar moieties

and hydrophobic interactions with acyl chains are also

involved. Importantly, the goals of cell cryobiology—pre-

venting cell–cell fusion, preventing intracellular ice for-

mation, retaining enzyme function, and avoiding chemical

toxicity—do not fully align with the purpose of cryopro-

tection in structural biology, which is to preserve the

structural homogeneity and avoid structural distortions of

biomolecules at low temperature. For these reasons, it is

important to examine how various cryoprotectants perform

under typical SSNMR conditions for membrane protein

structure determination.

In this study, we investigate the effects of five cryo-

protectants—trehalose, glycerol, polyethylene glycol

(PEG), dimethylsulfoxide (DMSO), and dimethylformam-

ide (DMF) (Fig. 1)—on the 13C, 1H and 31P MAS spectra

of several lipid membranes and two membrane peptides.

These cryoprotectants were chosen for their chemical

diversity, since they represent the sugar, glycol, sulfoxide

and amide families of cryoprotectants. The lipid 13C line-

widths were measured from 303 to 203 K, and the 1H

spectra were measured to monitor water dynamics. Tem-

peratures much lower than 200 K are not accessed in the

present study due to experimental limitations. Based on the

203 K spectral resolution, we find that the standard glyc-

erol/water mixture is clearly inferior to the other cryopro-

tectants except for trehalose, while DMSO, DMF and PEG

show significant resolution enhancement over the unpro-

tected membranes. One of the best line-narrowing com-

pounds, DMSO, strongly immobilizes the lipid polar

region, supporting the hypothesis that reducing lipid

dynamic disorder at high temperature leads to narrower

linewidths at low temperature. DMSO enhanced the spec-

tral resolution of the influenza M2 transmembrane peptide

(M2TM), by reducing the linewidths of the most disordered

residues. Finally, we show that DLPE is an unusually well-

ordered lipid with high-resolution NMR spectra both with

and without cryoprotectants, thus it is a promising medium

for membrane-protein structure determination.

Materials and methods

Membrane sample preparation

Five lipid membranes were used in this study: 1,2-dimyristoyl-

sn-glycero-3-phosphocholine (DMPC), 1,2-dioleoyl-sn-gly-

cero-3-phosphocholine (DOPC), a 3:1 molar mixture of DOPC

and 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG), 1,2-

dilauroyl-sn-glycero-3-phosphocholine (DLPC), and 1,2-dil-

auroyl-sn-glycero-3-phosphoethanolamine (DLPE). For sin-

gle-component membranes, the lipids were directly suspended

in pH 7.5 Tris buffer (10 mM Tris base, 1 mM EDTA, 0.1 mM

NaN3) and subjected to seven freeze–thaw cycles to create

homogeneous vesicles. DLPE required 10 min of bath soni-

cation and ten freeze–thaw cycles to produce a sufficiently

homogeneous vesicle solution. For the DOPC/DOPG mixture,

the two lipids were codissolved in chloroform, the solvent was

dried under nitrogen gas, then the lipids were lyophilized

overnight. The dry powder was then suspended in buffer to

make the vesicle solution. Lipid vesicle solutions were centri-

fuged at 150,000g using a Beckman SW60Ti rotor at 277 K for
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4 h to obtain membrane pellets. The cryoprotectants, dissolved

in Tris buffer, were titrated into the membrane pellets and the

samples were vortexed and equilibrated at room temperature

until the desired hydration level and stoichiometric ratios

(Table 1) were reached. All cryoprotectants used here have

much lower vapor pressures than water at ambient temperature,

thus the slow dehydration process mostly removes excess water

instead of the cryoprotectants. The equilibrated membranes

were spun down into 4 mm MAS rotors using pipette tips.

Our method of titrating cryoprotectants directly to

membrane pellets differs from the typical sample prepa-

ration method in cryobiology, where cryoprotectants are

added in solution at concentrations of 0.1–1 M. Thus, those

cell biology experiments do not directly control the extent

of cryoprotectant binding to the membrane, and different

cryoprotectants in general would bind the membrane to

different extents due to their different partition coefficients.

We prepared a second trehalose-bound DMPC sample

using a different protocol, by adding trehalose to the lipid

vesicle solution before freeze–thaw cycles, then spinning

down the membrane. This procedure tests whether we can

maximize trehalose binding to lipid bilayers to give better

cryoprotection, since the non-permeable trehalose may not

bind uniformly to multilamellar vesicles obtained after

pelleting.

A D44A mutant of M2TM (residues 22–46, SSDPLVVA-

ASII GILHLILWILARL) was synthesized using Fmoc

chemistry by PrimmBiotech (Cambridge, MA) and purified to

[95 % purity. Uniformly 13C, 15N-labeled amino acids

(Sigma-Aldrich and Cambridge Isotope Laboratories) were

incorporated at residues L26, V27, S31, G34, and A44. The

peptide was dissolved in octyl-b-D-glucoside (OG) and mixed

with lipid vesicles, incubated at room temperature for *3 h,

then dialyzed against the pH 7.5 Tris buffer for 2 days with 2

buffer changes per day to remove OG. The dialyzed proteo-

liposome solution was centrifuged to obtain membrane pellets.

The antimicrobial peptide, protegrin-1 (PG-1), was bound to

DLPE vesicles directly in solution due to the high solubility of

the peptide. The PG-1 sample contains isolated labels at Leu5
13Ca, Val16 13C’, and Phe12 19F. The peptide-bound vesicles

were incubated at room temperature overnight before centri-

fugation. DMSO was directly titrated into the pellet to obtain

the cryoprotected sample.

Solid-state NMR experiments

SSNMR spectra were measured on a Bruker DSX-

400 MHz (9.4 T) spectrometer and an AVANCE 600 MHz

(14.1 T) spectrometer using 4 mm MAS probes. 1D 1H

direct-polarization (DP) spectra and 13C DP and cross-

polarization (CP) spectra were measured from 303 to

203 K. The MAS frequency was typically 7 kHz. The

samples were equilibrated for 30 min at each temperature

before measurements. 1D 13C double-quantum filtered

(DQF) spectra for M2TM-containing membranes were

measured under 8 kHz MAS using the SPC5 sequence for
13C–13C dipolar recoupling. 1D 31P MAS spectra were

measured at 5 kHz to obtain sideband intensities as an

indicator of motionally averaged chemical shift anisotropy

(CSA), which gives information on the lipid headgroup

dynamics.

Fig. 1 Structures of the

cryoprotectants used in this

study

Table 1 Compositions of

cryoprotected lipid membranes

a Percentages are the mass of

the cryoprotectant relative to the

total cryoprotectant and water

mass

Lipids (Tm in K) Cryoprotectants Lowest freezing point

of water

Lipid:Cryoprotectant:Buffer

amounts (mole ratio)

DMPC (296 K) Trehalose 193 K (60 wt%)a 15 mg:10 mg:16 mg (1:1.2:40.2)

Glycerol 226 K (67 wt%)a 15 mg:5.3 lL:5.3 lL (1:3.2:13.2)

DMSO 203 K (70 wt%)a 15 mg:6 lL:6 lL (1:3.8:15.1)

PEG-400 218 K (68 wt%)a 15 mg:6 lL:6 lL (1:0.8:15.1)

DMF 188 K (82 wt%)a 15 mg:6 lL:3.8 lL (1:2.9:9.5)

DOPC (253 K) DMSO 15 mg:7.5 lL:3.8 lL (1:5.5:11)

DLPC (272 K) DMSO 15 mg:7.5 lL:3.8 lL (1:4.4:8.8)

DLPE (302 K) DMSO 15 mg:8 lL:4 lL (1:4.4:8.6)

DOPC/DOPG (254 K) DMSO 15 mg:8 lL:4 lL (1:5.9:11.7)

DMF 15 mg:6 lL:6 lL (1:3.4:17.5)

PEG 400 15 mg:8 lL:4 lL (1:1.2:11.7)
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13C-1H dipolar couplings were measured using the 2D

dipolar chemical-shift (DIPSHIFT) correlation experiment

(Munowitz et al. 1981) under 3.3 kHz MAS at 280 K. For
1H homonuclear decoupling, the MREV-8 sequence was

used with a 1H 105� pulse length of 3.5 ls. The t1
dimension was fit to obtain the apparent dipolar coupling,

which was divided by the theoretical MREV-8 scaling

factor of 0.47 to obtain the true coupling. The C–H order

parameter SCH was calculated as the ratio of the true

coupling to a rigid-limit value of 22.7 kHz. The model

compound N-formyl-MLF (Hong and Griffin 1998; Rien-

stra et al. 2002) was used to verify the MREV-8 scaling

factor.

Results

Effects of cryoprotectants on DMPC bilayers

To investigate whether cryoprotectants enhance the spec-

tral resolution at low temperature compared to unprotected

membranes, we measured the 13C and 1H spectra of lipid

membranes bound to five cryoprotectants. The disaccharide

trehalose is a non-permeable cryoprotectant while glycerol,

DMSO, DMF, and PEG-400 are permeable, in the sense

that they are able to cross the bilayer to suppress intra-

cellular ice formation. In the ternary system formed by the

lipid, cryoprotectant, and water, the cryoprotectant amount

was 40–70 wt% relative to the lipid, and the total cryo-

protectant plus water mass was *40 wt% of the total

sample mass for most samples (Table 1). For the solid

trehalose, more buffer was used to reach a hydration level

of 40 wt%. These compositions were chosen based on two

considerations. First, the phase diagrams of cryoprotectant/

water solutions (Baudot and Boutron 1998; Huang and

Nishinari 2001; Lane 1925; Miller et al.1997; Murata and

Tanaka 2012; Rasmussen and MacKenzi 1968) place the

minimum water freezing point at cryoprotectant concen-

trations of 60–80 wt% of the total cryoprotectant/water

solution. Second, the cryoprotectant/lipid ratio should not

be too high to disrupt the membrane nor too low to have no

effect. All five cryoprotectants are fully miscible with

water, thus we added them to the membrane pellets after

centrifugation, to ensure that a sufficient amount of cryo-

protectants reaches and interacts with the lipids.

Figure 2 shows the 13C and 1H MAS spectra of control

DMPC membranes from 303 to 203 K. The 13C spectra

were measured with CP at all temperatures except at

303 K, which was measured with DP. The gel-to liquid-

crystalline phase transition temperature (Tm) of DMPC is

296 K, thus significant line broadening was observed

below 273 K. The 1H MAS spectra indicate that most

DMPC peaks are broadened beyond detection below

253 K, and by 203 K the liquid–water signal is also sup-

pressed, giving a featureless spectrum over the entire

chemical shift range.

Trehalose did not enhance the 13C and 1H spectral res-

olution (Fig. 3a, b). In fact, the 253 K 13C spectra show

slightly worse resolution than the unprotected sample.

Moreover, the headgroup Cc signal, which is present in the

control spectrum at 203 K, is absent in the trehalose-bound

spectrum, suggesting that the trimethylamine may undergo

intermediate-timescale motion at 203 K in the trehalose-

bound membrane. Water is fully frozen at 203 K.

We attribute the absence of trehalose-induced line nar-

rowing to its non-permeable nature: because it cannot tra-

verse the outermost bilayer, it may not be able to affect the

majority of lipids in the multilamellar vesicles. We tested

the alternative method of adding trehalose to the vesicle

solution before freeze–thaw cycles. However, this proce-

dure was ineffective because trehalose is highly water-

soluble and partitions mostly to solution rather than the

membrane. When threefold excess trehalose (*30 mg)

was added to the vesicle solution, only *2 % of the tre-

halose bound to the pellet in the end, and no impact on

linewidths was observed (data not shown). This observa-

tion suggests that varying the concentration of trehalose is

unlikely to improve the resolution.

Glycerol, a permeable cryoprotectant, performed mod-

erately better than trehalose, giving rise to higher-resolu-

tion spectrum than the control sample at 273 K (Fig. 3c, d).

Three resolved carbonyl peaks and doublets for G2 and Cb
are observed, indicating that glycerol creates two discrete

conformations in the DMPC headgroup, backbone and the

beginning of the acyl chains. These two conformations are

likely related to the two isomers in the crystal structures of

DMPC (Nomura et al. 2011) and other phosphatidylcholine

lipids (Tang et al. 2007). Each isomer can have two dif-

ferent carbonyl chemical shifts due to the inequivalence of

sn-1 and sn-2 chains, thus a maximum of four C0 peaks is

possible. Indeed, the three 13C0 chemical shifts measured

here (174.6, 172.9, and 171.6 ppm) agree well with the

values reported for crystalline DMPC (175.4, 173.8, 171.8,

and 170.6 ppm) and POPC (175.5, 174.6, 173.6, and

171.8 ppm). We consider this bimodal conformational

distribution favorable than the single broad distribution of

the conformation of the unprotected lipids. The water 1H

signal of the glycerol-bound DMPC is sharp down to

253 K, and even at 203 K a small amount of liquid–water

signal remains. However, most 13C signals are severely

broadened below 273 K, similar to the control membrane.

Thus, while glycerol retards ice formation to some extent

and reduces the lipid conformation to a bimodal distribu-

tion at 273 K, it is not able to maintain this narrow dis-

tribution at 203 K, at least at the concentrations used in our

sample.
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We next investigated DMSO and DMF-bound DMPC

membranes. DMSO is a well studied cryoprotectant (Yu

and Quinn 1998), and DMF also exhibits favorable

chemical properties for cryoprotection: it is a polar aprotic

solvent with a high boiling point, is completely miscible

with water, and strongly depresses the freezing point of

water. In contrast to trehalose and glycerol, the 13C spectra

of DMSO-bound DMPC membranes (Fig. 4a) show rela-

tively narrow headgroup, backbone and C’ signals all the

way to 203 K, with double peaks for these carbons. At

203 K, the aliphatic x and x - 1 signals are also much

narrower compared to the control, trehalose- and glycerol-

bound membranes, indicating that DMSO not only orders

the polar region of the lipid molecule but also partially

Fig. 2 Variable-temperature
13C (a) and 1H (b) MAS spectra

of control DMPC membranes

without cryoprotectants. The
13C spectra were measured with

CP at all temperatures except at

303 K, which was measured

with DP. Lipid assignments are

indicated. Significant line

broadening was observed below

273 K. The 13C acyl-chain

intensities are plotted using the

indicated scaling factors with

respect to the rest of the spectra

to better represent the peak

linewidths

Fig. 3 Variable-temperature
13C (a, c) and 1H (b, d) MAS

spectra of DMPC membranes

containing trehalose (a, b) and

glycerol (c, d). Asterisks

indicate cryoprotectant peaks.

The trehalose-bound sample

showed no linewidth change

compared to the control sample

in Fig. 2, while the glycerol-

bound membrane showed

resolution enhancement at

273 K but similar line

broadening as the control

membrane below 253 K

J Biomol NMR (2014) 59:263–277 267

123



orders the hydrophobic chains. 1H spectra (Fig. 4b) show

well-resolved headgroup b and acyl-chain x signals at

253 K, indicating that the lipids are partly mobile at this

temperature. At 203 K, significant liquid–water 1H signal

remains, indicating that DMSO efficiently suppresses ice

formation. The DMF-bound DMPC sample performed

similarly well as DMSO, although the 13C spectral reso-

lution is slightly worse at 203 K (Fig. 4c, d).

Fig. 4 Variable-temperature
13C (a, c) and 1H (b, d) MAS

spectra of DMPC membranes

containing DMSO (a, b) and

DMF (c, d). Asterisks indicate

the cryoprotectant peaks. The

DMSO-bound membrane

retains significant liquid water

at 203 K and has much

narrower headgroup and

backbone 13C signals at 203 K

than the control membrane.

DMF shows slightly weaker

beneficial effect than DMSO but

the lipid spectra are still better

resolved than the control spectra

Fig. 5 Variable-temperature
13C (a) and 1H (b) MAS spectra

of PEG-protected DMPC

membrane. Asterisks indicate

PEG peaks. The DP spectrum at

303 K shows low headgroup

intensities, indicating that PEG

immobilizes the headgroup

above the phase-transition

temperature. At 203 K, PEG

retains good lipid spectral

resolution but does not prevent

ice formation
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Figure 5 shows the spectra of PEG-400-bound DMPC

membrane. Interestingly, at 303 K, the 13C DP spectra

have weak intensities, indicating that the lipids are signif-

icantly immobilized by PEG-400. Between 273 and 253 K,

four resolved carbonyl peaks and G2, Cc and Ca doublets

are detected, similar to the DMSO- and DMF-protected

membranes. At 203 K, the lipid 13C signals remained

sharp, but no liquid–water 1H signal remains. Thus, PEG is

less efficient than DMSO and DMF in preventing ice for-

mation, but this does not prevent it from inducing ordered

lipid conformations. We speculate that this anomalous

behavior may result from the larger molecular weight of

PEG-400, which should allow it to span the membrane

more than the other cryoprotectants, so that the lipids may

be ordered even in the presence of ice crystals.

Figure 6 compares the 203 K 13C and 1H spectra of the

DMPC membranes in the absence and presence of the five

cryoprotectants. Except for trehalose, the other four cryo-

protectants showed varying degrees of resolution enhance-

ment. Based on the 13C linewidths, the cryoprotecting potency

increases in the order of glycerol \ DMF \ PEG * DMSO.

To compare the linewidths of the different cryoprotected

samples quantitatively, we plotted the 203 K 13C linewidths

(full width at half maximum) of Cc, CH2 and x (Fig. 7a),

which report the structural order of the lipid headgroup, acyl

chain, and the chain end, respectively. For all samples, Cc and

CH2 exhibit the largest linewidths, while x has the narrowest

linewidths. Focusing on the DMSO-protected membrane, the

temperature-dependent linewidths of various sites are com-

pared in Fig. 7b. The headgroup Cc shows the largest line-

widths in the gel phase whereas the backbone G2 has the

smallest linewidths. Given the proximity of G2 and Cc, this

result indicates that DMSO exerts divergent effects within a

small volume, ordering the lipid backbone while disordering

the headgroup. G2 and x linewidths increase relatively slowly

with decreasing temperature, while CH2 and Cc linewidths

increase sharply below *273 K. The water 1H linewidth

surged only below 223 K, consistent with the freezing point of

the DMSO-water solution. The fact that the water linewidth

change does not correlate with the lipid linewidth changes

confirms that the low-temperature lipid structural disorder is

partly independent of ice formation. To quantify the degree of

line narrowing by DMSO, we compared the temperature-

dependent linewidths between the unprotected and DMSO-

protected DMPC samples (Fig. 7c). The largest linewidth

reduction is found at C’ and G2. In comparison, the hydro-

phobic chains show modest line narrowing in this temperature

range. On the other hand, the small slopes of the x and CH2

curves of the DMSO-protected sample suggest that below

200 K, the cryoprotectant may manifest a larger line-nar-

rowing effect.

To test the hypothesis that cryoprotectants enhance low-

temperature spectral resolution by reducing conformational

dynamics at high temperature, we measured site-specific

C–H order parameters of DMPC using the DIPSHIFT

experiment. The experiments were conducted at 280 K,

Fig. 6 Comparison of DMPC
13C (a) and 1H (b) MAS spectra

in the absence (top two rows)

and presence of cryoprotectants.

The 303 K spectrum of the

control sample gives the

limiting resolution of the liquid-

crystalline membrane. All other

spectra were measured at

203 K. The unprotected sample

shows severe line broadening at

203 K, and water is completely

frozen. Trehalose and glycerol

did not cause any resolution

enhancement, while PEG, DMF

and DMSO improved the

spectral resolution. DMF and

DMSO also retained liquid

water, indicating that they retard

ice formation

J Biomol NMR (2014) 59:263–277 269

123



below the Tm of DMPC, to obtain sufficient CP intensities

and to avoid making the order parameters too small to be

accurate. Figure 8 shows the 13C–1H dipolar dephasing

curves of several sites, x - 1, CH2, G2, and Cb, which

represent the acyl chains, glycerol backbone, and head-

group of the lipid. As expected, the chain-end x - 1 in the

control sample exhibits shallow dephasing curves, indi-

cating small C–H order parameters (SCH) due to large-

amplitude motion. G2 has the deepest dephasing, corre-

sponding to the strongest C–H dipolar coupling or the

largest SCH, consistent with the relative rigidity of the lipid

backbone. When glycerol is added to the membrane, most

sites show similar couplings as the control sample, indi-

cating that glycerol has little impact on lipid dynamics.

This is correlated with the weak line-narrowing effect. In

comparison, PEG-400 and DMSO significantly increased

the dipolar couplings of all segments. The change at the

headgroup Cb is especially large, with SCH increasing from

0.51 for the control sample to 0.65 for the PEG-bound

sample and 0.93 for the DMSO-bound membrane. Simi-

larly, the G2 order parameters increased to *0.93 for

PEG- and DMSO-protected membranes. These results

indicate unambiguously that DMSO and PEG-400

intercalation into the membrane-water interface immobi-

lizes the lipid backbone and headgroup. PEG-400 differs

slightly from DMSO in the exact headgroup moiety

affected (Fig. 8f): DMSO immobilizes Cb more whereas

PEG immobilizes Ca more. 31P spinning sideband spectra

at 273 K (Fig. 8e), support the DIPSHIFT data, showing

that all three cryoprotected samples have higher sideband

intensities than the control membrane, but DMSO- and

PEG-bound samples have larger CSAs than the glycerol-

bound sample. Therefore, the better line-narrowing com-

pounds immobilize the lipids more strongly.

In addition to larger order parameters, PEG-400 and

DMSO also affected the T2 decays of the DIPSHIFT

dephasing curves, as manifested by an intensity drop at the

end of the rotor period for most sites. This intensity asym-

metry is known to be caused by motion on the timescale of

the inverse of the dipolar coupling (deAzevedo et al. 2008).

The faster T2 decay of the DMSO- and PEG-bound samples

is particularly clear for acyl chain sites. Therefore, although

the acyl chains have not reached their rigid limit at 280 K,

the remaining motions are slowing down to the intermediate

regime, again indicating cryoprotectant-induced reduction

in the dynamic disorder.

Fig. 7 Comparison of 13C and 1H linewidths of DMPC bound to

different cryoprotectants and at different temperatures. a Cryoprotec-

tant comparison at 203 K. The Cc, CH2 and x linewidths are plotted.

DMSO and PEG-400 induce the narrowest lipid linewidths. b Tem-

perature dependence of the 13C linewidths of DMSO-bound DMPC

and the 1H linewidths of water. Two linewidths are plotted for G2 and

C0 due to the presence of two conformations. c Comparison of

DMSO-bound (filled symbols) and control (open symbols) DMPC 13C

linewidths and water 1H linewidths as a function of temperature. The

C0 and glycerol backbone G2 show the largest linewidth reduction by

cryoprotection
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Interaction of DMSO with other phosphatidylcholine

lipids

We investigated DMSO interaction with two other phos-

phatidylcholine lipids, DOPC and DLPC, to assess whether

chain unsaturation and chain length affect cryoprotection.

DLPC has 12 carbons per chain and a Tm of 272 K, while

the 18-carbon DOPC contains one double bond per chain

and has a low Tm of 253 K. The control DOPC 13C spectra

show narrower lines than DMPC at 203 K (Fig. S1), as

expected because of the *40 K lower transition tempera-

ture than DMPC. DMSO binding did not change the

Fig. 8 Cryoprotectants

partially immobilize lipids. a–

d 13C–1H dipolar couplings of

DMPC membranes in the

absence and presence of

cryoprotectants. The data were

obtained at 280 K under

3.3 kHz MAS. From left to

right, the columns correspond to

a control DMPC membrane,

b glycerol-bound membrane,

c PEG-400 bound membrane,

and d DMSO-bound membrane.

Solid lines are best-fit

simulations with empirical T2

decay constants indicated.

Glycerol-bound DMPC exhibits

similar order parameters as the

control membrane while PEG-

400 and DMSO give rise to

larger dipolar couplings,

indicating immobilization of the

lipid. e 31P MAS spectra of the

four membranes at 273 K,

showing larger sideband

intensities for the cryoprotected

samples than the control

sample. f C–H order parameters

of the four samples at 280 K for

all resolved signals. Dashed

lines guide the eye for the rigid

limit (SCH = 1.0) and

SCH = 0.50. For the control

DMPC sample and the glycerol-

bound DMPC sample, most

sites exhibit SCH values lower

than 0.5, while the PEG- and

DMSO-bound DMPC samples

have SCH values between 0.5

and 1.0 except for the chain end

x and the headgroup Cc
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spectral resolution significantly, but the peaks are slightly

better resolved than the DMSO-bound DMPC spectrum at

the same temperature. Only a single conformer is detected

in the headgroup and backbone. Given the modest effect of

DMSO on the DOPC spectra, and resolution difference

between DOPC and DMPC is purely due to the 40 K Tm

difference, we hypothesize that the DOPC linewidths at

160 K will approach the DMPC linewidths at 200 K.

DMSO also caused modest changes to the DLPC line-

widths, but peak doubling is seen in the carbonyl and

glycerol backbone region, similar to the DMSO-protected

DMPC sample. We attribute the reduced line-narrowing

ability of DMSO to DLPC and DOPC membranes to a

combination of the larger chain disorder of the two lipids

and the moderately larger amount of DMSO used

(Table 1), since high cryoprotectant concentrations can

cause lateral expansion of the lipid membrane and increase

the lipid conformational disorder.

Interaction of DMSO with negatively charged

membranes

We applied DMSO, DMF and PEG-400 to DOPC/DOPG

membranes to investigate the interaction of negatively

charged lipids with cryoprotectants. The DMSO and PEG

samples contained moderately higher cryoprotectant con-

centrations than the protected DMPC samples (Table 1).

The 13C spectra of the DOPC/DOPG membrane with and

without cryoprotectants are shown in Fig. S2. None of the

three cryoprotectants caused significant line narrowing

compared to the control membrane. We attribute this result

to electrostatic repulsion between the anionic lipids and the

polar moieties of the cryoprotectants, which weakens

cryoprotectant binding. This is consistent with resonance

energy transfer data that DMSO does not protect vesicles

containing 30 % negatively charged phosphatidylserine

(Anchordoguy et al. 1987, 1991). The 1H spectra show

residual water intensities at 203 K for the DMSO- and

DMF-bound samples, similar to the DMSO- and DMF-

protected DMPC samples. However, the water peaks are

lower in the protected DOPC/DOPG membranes. This can

be explained by the different cryoprotectant concentrations

used between the two membranes. The DMSO-protected

DOPC/DOPG sample contains less water than the corre-

sponding DMPC sample, while the DMF concentration

used in the DOPC/DOPG sample should increase the water

freezing point compared to the corresponding DMPC

sample.

Interaction of DMSO with the DLPE membrane

The above data suggest that neutral lipids, saturated chains

and high Tm are favorable properties for reducing the lipid

conformational disorder under cryoprotection. These fac-

tors led us to examine DLPE spectral quality under cryo-

protection. The amine moiety in the PE headgroup allows

the formation of intermolecular hydrogen bonds, which

orders the lipid packing and increases the Tm of PE com-

pared to PC lipids with the same acyl chains. DLPE has a

Tm of 302 K, which is 30 K higher than the DLPC Tm. PE

lipids also differ from PC lipids in having a smaller

headgroup, which causes negative spontaneous curvature,

which may counter the positive curvature of interfacially

bound cryoprotectants. The measured 13C MAS spectra

bear out these predictions. The control DLPE sample

exhibits crystalline-like spectra at 298 K, with four

resolved 13C0 signals and peak-doubling for G2, Ca and x
(Fig. 9a, b). Thus, gel-phase DLPE adopts two conforma-

tions for both the polar and non-polar parts of the molecule.

The four 13C0 chemical shifts seen here (173.3, 172.2,

170.5, and 168.8 ppm) agree with those reported for

crystalline L-a-DPPE within 0.4 ppm (Bruzik and Har-

wood 1997; Nomura et al. 2011). The 13C spectral reso-

lution is largely retained at 203 K, except for the acyl-

chain signals, which show moderate broadening. Interest-

ingly, the water 1H peak is completely broadened in the

unprotected membrane below 223 K, despite the good 13C

resolution. DMSO binding enhanced the 13C spectral res-

olution (Fig. 9c, d) and maintained it down to 203 K: the

four 13C’ signals are resolved to the baseline and the acyl-

chain signals are much sharper than in the unprotected

sample. For example, the C2 and x - 2 peaks are resolved

from the CH2 signal, which is not observed in any other

samples’ spectra. The x signal retained the doublet split-

ting throughout the temperature range. Finally, the DMSO-

protected membrane shows a strikingly narrow water peak

from 293 to 203 K, unaffected by temperature. Thus, the

DMSO-protected DLPE membrane is highly ordered and

ice formation is fully prevented at *200 K, making this

system a promising medium for low-temperature mem-

brane proteins NMR studies.

Effects of DMSO on membrane-bound M2TM

To investigate the effects of one of the best cryoprotec-

tants, DMSO, on membrane peptides, we measured the 13C

and 15N spectra of M2TM and PG-1 bound to DMPC and

DLPE membranes. The D44A-M2TM sample contains 13C,
15N-labeled L26, V27, S31, G34, and A44. Among these

residues, L26, V27 and A44 lie at the membrane-water

interface whereas G34 resides in the middle of the lipid

bilayer. Based on the heptad repeat of this four-helix

bundle, V27 and G34 face the pore of the helical bundle

while the other three residues lie at the helix–helix inter-

face (Cady and Hong 2008, 2009; Luo and Hong 2010).

Figure 10a, b shows the 13C spectra of M2TM-containing
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membranes. At 210 K, DMSO caused residue-specific line

narrowing in both DMPC and DLPE membranes: the G34

Ca, A44 Cb, and V27 Ca linewidths decreased by

0.5–1.5 ppm, while other sites show less visible linewidth

change. Consistent with the 13C spectra, the 15N spectra

show significant line narrowing (Fig. 10c, d), especially at

283 K for the DLPE samples, where the main 119-ppm 15N

peak sharpened from 6.3 to 4.2 ppm due to DMSO

cryoprotection.

At the moderate temperature of 273 K, the 13C CP

spectra of the DMPC samples show the same line nar-

rowing and peak doubling for G2, C0 and Cb as found in

peptide-free samples. Thus, DMSO affects the membrane

in the same way between the peptide-bound and peptide-

free samples, and conclusions about cryoprotectant effects

from the lipid-only spectra can be extended to peptide-

containing membranes.

Interestingly, comparison of the 273 and 210 K 13C

spectra indicate that the M2 13C linewidths are relatively

unchanged by temperature in the cryoprotected samples:

the linewidths increased by only *0.3 ppm over the 63 K

temperature decrease. In contrast, the unprotected DMPC

sample increased the linewidths by *1.3 ppm for V27 Ca
and A44 Cb over this temperature range. Thus, DMSO, and

by implication the other two effective cryoprotectants, PEG

and DMF, does not narrow lines at high temperature but

maintains the same linewidths at low temperature.

The line narrowing of G34 seen at both moderate and

low temperatures by cryoprotection is noteworthy from a

structural point of view. It is known that G34 in the M2TM

four-helix bundle exhibits at least two conformations,

depending on environmental factors such as membrane

thickness, pH, and the absence or presence of drugs (Hu

et al. 2007, 2011). A kinked helical structure called state 1

is promoted by thick bilayers, high pH, and drug binding; a

straight helix with large tilt angles but non-ideal confor-

mation at H37 (state 2) is promoted by high pH, thin

bilayers, and the absence of drug; while a straight helix

with ideal helical conformation at H37 (state 3) is found at

low pH. States 2 and 3 have the same G34 chemical shifts,

which match the DMSO-bound G34 13Ca and 15N chem-

ical shifts measured here. Thus, in both DMPC and DLPE

membranes, DMSO selects the straight-helix conformation

at residue 34, which is consistent with the relatively short

chains of these lipids, the high pH, and the lack of drug in

these samples. The fact that the G34 signals are broad in

the unprotected membranes even at moderate temperatures

(283–243 K) indicates that all three states are significantly

populated in the absence of cryoprotection. In our experi-

ence, such conformational heterogeneity is common for

Fig. 9 Variable-temperature
13C (a, c) and 1H (b, d) MAS

spectra of DLPE membranes

without (a, b) and with DMSO

(c, d). The DMSO-bound

sample maintained high-

resolution 13C spectra at 203 K,

and the liquid–water peak is

preserved and sharp. The

unprotected sample lost the

water peak altogether at 203 K,

but the 13C resolution is still

good compared to the DMSO-

bound DMPC membrane
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many membrane peptides. It is not clear to what extent

such heterogeneity is intrinsic to the protein sequences and

the lipid membranes used. Cryoprotection may be a way to

gain insight into this question.

The L5 Ca signal of PG-1 (Fig. 10e) in the DLPE

membrane at 210 K showed no significant linewidth

reduction by DMSO. For the protected sample, the Ca
linewidth is 1.3 ppm, compared to 0.8 ppm at 283 K (data

not shown). Since L5 is located in the well-defined and

rigid b-strand core of this peptide (Hong and Su 2011;

Tang and Hong 2009), and the Ca label has no line

broadening from 13C–13C J-coupling, the 0.5-ppm line-

width increase over this *73 K temperature drop gives an

indication of the contribution of static conformational

disorder to linewidths for a rigid membrane peptide.

Discussion

The above spectra provide the first database of the utilities

of several common cryoprotectants for SSNMR studies of

membrane peptides and proteins. Among the five

cryoprotectants examined, trehalose is a commonly used

disaccharide in cell cryopreservation, and glycerol/water

matrix is a common antifreeze solution. But under our

sample preparation conditions, trehalose had no detectable

effect on lipid linewidths, whereas glycerol enhanced the

resolution only at moderate temperatures (*273 K) but

did not prevent line broadening at *200 K. Trehalose’

limited effect is most likely due to the non-permeable

nature of the sugar, which makes it contact only a small

fraction of all lipids. At 273 K where glycerol caused line

narrowing, the 13C spectra resemble the 203 K-spectra of

DMSO- and PEG-bound DMPC membranes. This suggests

that glycerol’s cryoprotecting ability is shifted by *70 K

higher than that of DMSO and PEG. We hypothesize that

this temperature shift is due the higher freezing point of the

glycerol/water mixture (Table 1): glycerol depresses the

water freezing point maximally to 226 K while DMSO and

PEG depress the freezing points maximally to 218 K and

203 K, respectively. At the glycerol/water ratio used in our

sample, the freezing point is about 245 K. If the optimal

glycerol concentration of *67 wt% is used, the freezing

point should be depressed by another 20 K, which should

Fig. 10 13C and 15N MAS

spectra of DMPC and DLPE

membranes containing D44A-

M2TM or PG-1. The spectra of

cryoprotectant-free samples

(black) are overlaid with the

spectra of DMSO-bound

membranes (red). a 273 K 13C

CP spectra and 210 K 13C DQF

spectra of M2TM-containing

DMPC membranes. Asterisks

indicate lipid peaks in the 13C

CP spectra. b 273 K 13C CP

spectra and 210 K 13C DQF

spectra of M2TM-containing

DLPE membranes. G34, A44

and V27 peaks (blue arrows)

show significant line narrowing

by DMSO, while other residues

have limited resolution change.

c 15N CP spectra of DMPC-

M2TM samples at 210 K. d 15N

CP spectra of the DLPE-M2TM

samples at 283 K. e 203 K 13C

CP spectra of PG-1 containing

DLPE membranes without

(black) and with (red) DMSO.

The L5 Ca signal does not

shown significant line

narrowing by DMSO
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give high-resolution 13C spectra down to *253 K. If

verified, this would imply that ice formation and the

resulting disordering of biomolecular structure remains a

significant source of line broadening at low temperature.

The other three permeable cryoprotectants showed con-

siderable line-narrowing effects on lipids, with DMSO and

PEG-400 inducing the narrowest 13C linewidths while

DMSO and DMF giving the narrowest water 1H peaks. All

three cryoprotectants gave rise to two peaks each for various

headgroup, backbone and carbonyl carbons, indicating that

these molecules intercalate between lipids at the membrane-

water interface in such a way to promote two isomers. The

two conformations are likely similar to those seen in the

crystalline state for POPC and DMPC based on the similar

chemical shifts (Tang et al. 2007; Bruzik and Harwood 1997;

Nomura et al. 2011). The interfacial location of cryoprotec-

tants is consistent with X-ray diffraction data (Yu and Quinn

2000) and molecular dynamics simulations of DMSO-bound

membranes (Kyrychenko and Dyubko 2008). At this inter-

facial location, the polar groups of cryoprotectants can form

hydrogen bonds with the lipid headgroup and backbone, thus

locking lipids into a small number of conformations. Indeed,

lipid rigidification is verified by C–H dipolar couplings and
31P CSAs, which show that the better line-narrowing com-

pounds—DMSO and PEG—also cause larger order param-

eters than in the unprotected and glycerol-protected

membranes. Infrared spectra showed that DMSO reduces the

CH2 vibrational frequency of PC chains, also indicating

decreased membrane fluidity (Anchordoguy et al. 1992).

These results support the notion that reducing lipid confor-

mational dynamics at high temperature enhances the spectral

resolution at low temperature. The interfacial location of

DMSO, DMF and PEG-400 may also partly account for the

excellent linewidths of DLPE, whose smaller headgroup

compared to phosphatidylcholine lipids favors cryoprotec-

tant binding. Among the high-performing cryoprotectants,

PEG is often used in membrane protein X-ray crystallogra-

phy (Long et al. 2007; Rasmussen et al. 2011; Wang et al.

2013a, b), which also verify its ability to create ordered

protein structures in membrane-mimetic environments.

Low-temperature 1H spectra indicate that DMSO and

DMF are more efficient than glycerol and PEG in pre-

venting ice formation (Fig. 6). This is consistent with the

trend of freezing-point depression by these compounds.

Molecular dynamics simulations indicate that cryoprotec-

tants with similarly high water miscibility can have dif-

ferent molecular interactions with water: DMSO

equilibrates with water much faster than glycerol and eth-

ylene glycol (Kyrychenko and Dyubko 2008).

DMSO is one of the best-studied membrane additives,

not only as a cryoprotectant but also as a fusogen and

permeability-enhancing agent (Gordeliy et al. 1998; Yu

and Quinn 1998), and these functions are active at different

concentrations and temperatures. Interestingly, DMSO

thins lipid membranes (Gordeliy et al. 1998) but increases

their Tm (Chang and Dea 2001). This apparent contradic-

tion is proposed to be resolved by the fact that the DMSO/

water solution increases inter-membrane interactions. The

intricacy of DMSO interactions with lipids and water at the

membrane-water interface may account for its ability to

simultaneously produce well-ordered lipid conformations

and prevent ice formation at low temperature. In compar-

ison, PEG-400 yielded high resolution for the lipid spectra,

but did not prevent ice formation, while DMF prevented

ice formation but did not give as high-resolution lipid

spectra as DMSO.

Compared to its action on lipids, DMSO caused more

site-specific line narrowing of the influenza M2 peptide.

Residues G34, A44, and V27 showed significant linewidth

reduction over unprotected membranes, while S31 and L26

had limited changes. V27 and A44 lie at the membrane-

water interface where the cryoprotectant binds, thus their

linewidth reduction is likely due to direct structural

ordering of this part of the membrane. However, G34 is in

the middle of the transmembrane helix and thus the

hydrophobic center of the bilayer, where the dynamic

disorder is the largest (Cady and Hong 2009). Even with

DMSO bound the chain-end x SCH is only 0.21, which is

not much larger than the SCH of 0.14 for the unprotected

membrane (Fig. 8f). Thus, the significant line narrowing of

G34 reflects conformational ordering of the entire helix as

transmitted from the immobilization of the lipid headgroup

and backbone, instead of direct interactions between

DMSO and the peptide.

The observation that cryoprotected M2 has similar

linewidths at 273 and 210 K while the unprotected sample

broadened significantly over this temperature range

(Fig. 10) is illuminating and confirms the beneficial effect

of cryoprotection. It is also noteworthy that the residues

with the most significant line narrowing also had the

broadest linewidths in the unprotected state. Thus, cryo-

protection appears to equalize the linewidths, by creating a

more uniformly ordered protein structure.

In general, membrane peptides such as M2TM are more

disordered than larger proteins, because their small size

leads to more extensive interactions with lipids. In addi-

tion, the M2 protein sequence inherently encodes signifi-

cant conformational plasticity (Stouffer et al. 2005) due to

its proton-channel function (Hong and Degrado 2012). We

believe these factors account for the[1-ppm linewidths of

most residues in M2TM, with or without cryoprotectants.

The fact that visible line narrowing is achieved for the most

disordered residues, despite the inherent conformational

plasticity of the molecule, suggests that DMSO should

have significant cryoprotecting abilities to other membrane

peptides and proteins as well. Experiments well below
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*200 K will be interesting, to determine whether at

cryogenic temperature the linewidths will improve over the

unprotected samples.

Conclusions

We investigated the effects of five cryoprotectants on the

NMR linewidths of lipid membranes and membrane pep-

tides from ambient temperature to 203 K. For DMPC

membranes, DMSO induced the narrowest 13C linewidths,

followed by PEG and DMF, while glycerol and trehalose

did not prevent low-temperature-induced line broadening.

DMSO ordered the glycerol backbone and the beginning of

the acyl chains most strongly, consistent with the interfa-

cial location of this cryoprotectant. High spectral resolution

at *200 K is best achieved by neutral lipids with inter-

molecular hydrogen bonds and saturated chains. DMSO

prevented line broadening of M2TM from 273 to 210 K,

and specifically narrowed the linewidths of residues with

large conformational disorder in the unprotected mem-

brane. The PG-1 spectra indicate that a *70 K temperature

drop increases the linewidth by *0.5-ppm for a rigid

membrane peptide. These data indicate that suitable cryo-

protectants can enhance spectral resolution at low tem-

perature, by reducing the dynamic conformational disorder

at high temperature. DLPE is found to give very high-

resolution spectra both in the absence and presence of

cryoprotectants, suggesting that this lipid may be a good

medium for membrane protein SSNMR. The three most

effective cryoprotectants found here are useful not only at

*200 K but also at moderate low temperatures, as seen by

the 15N spectra of M2TM at 283 K. Whether these cryo-

protectants significantly narrow membrane protein NMR

linewidths at *100 K will need to be tested. Since mem-

brane-protein structures are influenced not only by water

but also by lipid membranes, we expect cryoprotectants to

be able to enhance spectral resolution below the minimum

freezing point of the cryoprotectant/water solution.

The parameter space for optimizing membrane cryo-

protectants is large. The current study used cryoprotectant

concentrations that deviate from the composition of the

minimum water freezing point. Future work can explore

the optimal concentrations of cryoprotectants relative to

water and lipids, the freezing method, and the development

of compounds that not only order the membrane-water

interface but also the membrane hydrophobic interior, in

order to obtain high-resolution spectra below 100 K.
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