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ABSTRACT Phospholipid bilayers are liquid-crystalline materials whose intermolecular interactions at mesoscopic length
scales have key roles in the emergence of membrane physical properties. Here we investigated the combined effects of phos-
pholipid polar headgroups and acyl chains on biophysical functions of membranes with solid-state 2H NMR spectroscopy. We
compared the structural and dynamic properties of phosphatidylethanolamine and phosphatidylcholine with perdeuterated acyl
chains in the solid-ordered (so) and liquid-disordered (ld) phases. Our analysis of spectral lineshapes of 1,2-diperdeuteriopalmi-
toyl-sn-glycero-3-phosphoethanolamine (DPPE-d62) and 1,2-diperdeuteriopalmitoyl-sn-glycero-3-phosphocholine (DPPC-d62)
in the so (gel) phase indicated an all-trans rotating chain structure for both lipids. Greater segmental order parameters (SCD)
were observed in the ld (liquid-crystalline) phase for DPPE-d62 than for DPPC-d62 membranes, while their mixtures had inter-
mediate values irrespective of the deuterated lipid type. Our results suggest the SCD profiles of the acyl chains are governed
by methylation of the headgroups and are averaged over the entire system. Variations in the acyl chain molecular dynamics
were further investigated by spin-lattice (R1Z) and quadrupolar-order relaxation (R1Q) measurements. The two acyl-perdeuter-
ated lipids showed distinct differences in relaxation behavior as a function of the order parameter. The R1Z rates had a
square-law dependence on SCD, implying collective mesoscopic dynamics, with a higher bending rigidity for DPPE-d62 than
for DPPC-d62 lipids. Remodeling of lipid average and dynamic properties by methylation of the headgroups thus provides a
mechanism to control the actions of peptides and proteins in biomembranes.
SIGNIFICANCE Lipid composition is critically involved in regulating membrane mechanical properties and cellular
functioning. Different lipid components affect the properties of membranes, which may explain their biological diversity.
Solid-state NMR spectroscopy shows that, in the liquid-disordered (liquid-crystalline) phase, the smaller headgroup size of
phosphatidylethanolamines has striking effects on acyl chain packing and dynamics compared with phosphatidylcholines.
Close packing of the phosphoethanolamine headgroups restricts the cross-sectional area of the acyl chains, yielding
higher segmental order parameters and greater bilayer thickness. Solid-state NMR relaxation further informs dynamic lipid
properties and indicates an increased bending rigidity of phosphatidylethanolamine bilayers versus phosphatidylcholines.
INTRODUCTION

Biological membranes are characterized by a strikingly
large assortment of different lipid species (1–3) that may
be related to the functions of their protein constituents. Vari-
ation of the lipids can have wide-reaching effects over the
entire membrane structure on account of the highly collec-
tive intermolecular interactions. It has become well estab-
lished that the lipid environment can substantially alter the
functions and energetics of membrane proteins (4–9)
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through the involvement of both the lipid polar headgroups
and acyl chain substituents (3,10–13). One hypothesis is that
lipids control membrane protein activity by allosteric mod-
ulation due to binding to specific recognition sites, as for di-
acylglycerol and protein kinase C (14,15), viral membrane
proteins (16), and G-protein-coupled receptors (GPCRs)
(17,18). Alternatively, the interactions may be nonspecific
and entail modification of physical properties of the entire
bilayer, including phase behavior, membrane thickness, mo-
lecular packing, surface charge density, lipid shape (19,20),
and curvature stress (7). Recent literature has confirmed the
asymmetric segregation of membrane lipids such as phos-
phatidylethanolamine (PE) and phosphatidylcholine (PC)
in cellular plasma membranes, with PE being much more
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prevalent in the inner leaflet while PC is localized to the
outer leaflet (3), which may affect properties such as the
bending rigidity (21). A further important aspect is whether
natural selection of membrane properties has occurred for
lipids that may act as regulators of membrane protein struc-
ture and activity. Investigations of the chemical and physical
properties of the major cellular lipid constituents such as PE
and PC are thus highly significant to understanding how pro-
tein functions are modulated by the lipid diversity presented
in biomembranes (3,22).

To explore these questions, solid-state deuterium (2H) nu-
clear magnetic resonance (NMR) spectroscopy has been
applied to biomembranes (23–27) and used to study the
configurational properties and molecular dynamics
(21,28–30) of phospholipid bilayers at the atomistic level.
Investigations of the solid-ordered (so) and liquid-disor-
dered (ld) phases of membrane lipids have been carried
out (31–34) together with studies of liquid-ordered (lo) raft-
like lipid mixtures (21,35,36). In these cases, the physical
properties include effective acyl chain lengths and average
chain cross-sectional areas, as well as moduli for elastic dis-
tortions of phospholipids, which can be interpreted by sim-
ple statistical models (37). As an example, the mean area per
lipid molecule at the membrane-water interface in the ld
state (33,37) is essential to validating molecular dynamics
(MD) simulations (38–40). Likewise, the bending rigidity
and spontaneous curvature have crucial roles for relating
the curvature free energy of lipid membranes to their func-
tional mechanisms (41). Such material parameters describe
the properties of biological membranes that can modulate
the structure and activity of peptides and proteins or the lipid
bilayers themselves.

Here we address the hypothesis that combination of lipid
polar headgroups and nonpolar acyl chains controls cellular
FIGURE 1 Hierarchical dynamics of phospholipid bilayers influence material

monolayer bending rigidity. (A) Transformations and dynamic time scales invol

tuations of lipid membranes. Euler angles (U) are illustrated with subscripts den

as follows: I, internal or intermediate segmental frame; M, molecular interaction

coordinate frames are indicated. (B) Illustration of how volumetric data, hydroca

the average area CAD per lipid molecule in the bilayer. For a polymethylene chain

with lengthDM¼ 2.54 Å and projection CDiD onto the molecular (M) axis. The or

Structural parameters for Lamembranes are derived from solid-state 2H NMR spe

(25,26). To see this figure in color, go online.
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function through modulation of bilayer properties in the
liquid-crystalline (La) state (Fig. 1 A and B). We character-
ized influences of methylation of the polar headgroups in re-
modeling the hydrocarbon core of lipid bilayers, with
emphasis on the structure and dynamics of 1,2-dipalmi-
toyl-sn-glycero-3-phosphoethanolamine (DPPE) and 1,2-di-
palmitoyl-sn-glycero-3-phosphocholine (DPPC) model
bilayers. Because the acyl chains are identical, any differ-
ences are clearly due to the polar headgroups. Solid-state
2H NMR spectra were acquired of binary mixtures of
DPPE and DPPC in the so phase and ld phase with the
acyl chains of one or the other component perdeuterated,
and analyzed by moments of the spectral lineshapes and or-
der parameters. We discovered that methylation of phos-
phoethanolamine headgroups to yield phosphatidylcholine
has striking effects on material properties of the bilayer hy-
drocarbon core. In the ld phase, mean-torque analysis of the
order profiles further showed that membranes with phos-
phoethanolamine headgroups are thicker, with a smaller
area per lipid versus methylated phosphocholine substitu-
ents. Model-free analysis of nuclear spin relaxation rates re-
vealed how the phospholipid headgroups control membrane
deformation. Bringing together the solid-state 2H NMR or-
der parameters and relaxation times indicates PE mem-
branes have higher bending rigidities than PC bilayers
over mesoscopic length scales, while mixtures with different
lipid headgroups show intermediate structural and dynamic
properties. Our results inform how cellular membranes can
regulate protein structure and activity through the chemi-
cally nonspecific balance of acyl chains and polar
headgroups (7). The methods highlighted here are further-
more significant to validating MD simulations of lipid mem-
branes (39,42,43), sterols (21), and proteins (44,45) in
biomembranes.
properties, including the interfacial area per molecule, bilayer thickness, and

ved in solid-state 2H NMR spectroscopy showing local and collective fluc-

oting the various rotational transformations. Coordinate systems are defined

frame; D, bilayer director frame; and L, laboratory frame. The z-axes of the

rbon thickness DC, and mean cross-sectional chain area CACD correspond to

, a three-carbon segment (virtual bond) is defined from carbon Ci�1 to Ciþ1

ientation of the z-axis of the intermediate (I) frame to the M frame is shown.

ctral data by applying a mean-torque model (37). Figure adapted from Refs.
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MATERIALS AND METHODS

Fully protiated DPPE and DPPC were obtained from Avanti Polar Lipids

(Alabaster, AL), and were used without further purification. Organic synthe-

sis of 1,2-diperdeuteriopalmitoyl-sn-glycero-3-phosphocholine (DPPC-d62)

was carried out by acylating the cadmium chloride adduct of sn-glycero-

3-phosphocholine (prepared from locally obtained hen egg yolks) with the

anhydride of palmitic acid-d31 (46). The 1,2-diperdeuteriopalmitoyl-sn-glyc-

ero-3-phosphoethanolamine (DPPE-d62) was synthesized by transphosphati-

dylation of the DPPC-d62 using phospholipase D (from locally obtained

Savoy cabbage) in the presence of ethanolamine. All lipids were purified

using silica gel column chromatography, and yielded a single spot with

thin-layer chromatography upon elution with CHCl3:MeOH:H2O (6:4:1)

and visualization by exposure to I2 vapor and/or by spraying with 40%

H2SO4 in ethanol and charring at 270
�C. The DPPE-d62 and DPPC-d62 sam-

ples were dried under high vacuum, placed in 8-mm diameter test tubes

(Schott Glass, Jena, Germany), and mixed with 50 wt % buffer containing

20 mM MOPS and 1 mM EDTA in 2H-depleted water at pH 7.1. All lipid

mixtures were prepared by combining appropriate amounts in chloroform:

methanol (2:1), evaporating the solvent in an 8-mm test tube, and mixing

with 50 wt % buffer. Samples included at least 10 mg of acyl-chain-perdeu-

terated lipids to obtain an acceptable signal-to-noise ratio. The resulting mul-

tilamellar dispersions were then annealed by multiple freeze-thaw cycles.
Solid-state NMR spectroscopy of multilamellar
lipid dispersions

The 2H NMR experiments were conducted at a magnetic field strength

of 7.06 Tesla (2H frequency of 46.1 MHz) utilizing a home-built, high-

power horizontal solenoid probe with an 8-mm diameter radiofrequency

coil, an external digitizer, and a tuned high-power radiofrequency amplifier

(Henry Radio Tempo 2006-A). Hydrated lipid samples were contained

in sealed, cutoff 8-mm test tubes placed within the radiofrequency

coil. An eight-step, phase-cycled, quadrupolar-echo pulse sequence,

ðp=2Þq � t1 � ðp=2Þq590� � t1 � acquire, was used for data acquisition.

For the lineshape experiments, a relatively short 2-ms p=2 pulse, with a

pulse spacing of 40 ms, a 2-ms dwell time, and a recycle time of 500 ms

were used. Free-induction decays were recorded with both increasing and

decreasing temperatures, and samples were equilibrated at each tempera-

ture for approximately 30 min before data acquisition. A typical quadrupo-

lar-echo spectrum took approximately 1 h to acquire, and each relaxation

experiment involved about 12 h of signal acquisition. The spectra were ob-

tained by Fourier transformation using both quadrature channels beginning

precisely at the top of the quadrupolar echo. Moment analyses and de-Pake-

ing as introduced by Bloom et al. (47) were carried out with modified ver-

sions of the programs of Refs. (47) and (48). The solid-state 2H NMR

lineshape simulations used the program MXQET (49), which allows for

multisite, multiaxis motional models. The simulations (six-site jump) cor-

responded to diffusion about the long axis of the molecule. The 2H NMR

spectra of the methylene segments and the methyl groups were calculated

separately, scaled by the number of deuterons, and added to yield the simu-

lated powder patterns. The experimental 2H NMR spectra were fitted by ad-

justing the jump rate between the sites, the effective quadrupolar coupling

constant, and the degree of Lorentzian or Gaussian line broadening. The

jump rate (kjump) corresponds to the axial diffusion constant (DR) by

DR ¼ kjumpqj=2, where qj is the angle between the sites, which is 60�

for the six-site jump motion.

Spin-lattice relaxation times (T1Z) were acquired using a 32-pulse, phase-

cycled inversion-recovery sequence (50), and quadrupolar-order relaxation

time (T1Q) results were obtained with a composite broadband pulse

sequence (51). Relaxation experiments were obtained with a quadrupolar-

echo pulse spacing of 30 ms, a dwell time of 7 ms, and a recycle delay of

800 ms. The relaxation rates were obtained for each of the resolved peaks

in the de-Paked 2H NMR spectra. Nonlinear regression fits of the recovery

curves to the functions MðtÞ ¼ M0ð1 �We�R1Z tÞ or MðtÞ ¼ M0e
�R1Q t
were used to obtain the spin-lattice relaxation (R1Z) rates or quadrupolar-or-

der relaxation (R1Q) rates, respectively, whereM0 is the intensity at equilib-

rium, and incompleteness of the magnetic inversion is accounted for by the

W parameter. The de-Pakeing algorithm assumes the 2H NMR powder-type

spectra are axially symmetric and scale as P2ðcos qÞ, where P2 is the sec-

ond-order Legendre polynomial and q is the angle of the bilayer normal

to the static magnetic field (48). Orientational anisotropy of the relaxation

rates (52) in principle leads to changes in the lineshape as a function of the

variable time delay in both the spin-lattice and quadrupolar-order relaxation

experiments. However, rapid orientational averaging occurs on the time

scale of relaxation experiments in phospholipids such as DPPC, as first

shown by Brown and Davis (53). Motional averaging yields axially sym-

metric powder-type spectra whose shape is unaffected by the variable delay

time. We assumed that similar behavior exists for the DPPE-d62 multilamel-

lar dispersions. Hence, although the de-Paked subspectra correspond to the

q ¼ 0� bilayer normal direction, the relaxation rates are an average over all

orientations.
Segmental order parameters and moments of
spectral lineshapes

The solid-state 2H NMR spectra reveal a distribution of quadrupolar split-

tings that manifest the equilibrium or average properties of the membrane

lipids. For lipids in a bilayer arrangement, the motional averaging axis is the

membrane normal, and the shape of the 2H NMR spectra corresponds to

axially symmetric motion. For such a case, the residual quadrupolar split-

ting Dn
ði Þ
Q between the two spectral transitions for a given labeled segment

(i) is related to the C�2H bond segmental order parameter (S
ðiÞ
CD ) by (27).

Dn
ðiÞ
Q ¼ 3

2
cQP2ðcos qÞSðiÞCD: (1)

Here cQ ¼ e2qQ=h is the static quadrupolar coupling constant and is

approximately 170 kHz for a methylene C�2H bond (54), P2 is the sec-

ond-order Legendre polynomial, and q is the angle between the bilayer

normal (director axis) and the static magnetic field. The orientational order

parameter S
ðiÞ
CD for the ith segment is defined as

S
ðiÞ
CD ¼ hP2ðcos biÞi ¼ 1

2

�
3cos2 bi � 1

�
; (2)

where bi is the angle of the C�2H bond of the ith segment to the bilayer

normal and the angular brackets indicates a time or ensemble average

(27). The observed order parameters were derived using Eq. 1 from the

de-Paked solid-state 2H NMR spectra.

Analysis by spectral moments is extremely useful, as introduced by Da-

vis (55), because it yields information on the overall lineshape even when

individual splittings are not resolved. The first and second half-moments of

the solid-state 2H NMR spectra were calculated from the experimental line-

shape distribution function f(u) (56) by

Mk ¼
Z N

0

ukf ðuÞdu�
Z N

0

f ðuÞdu: (3)

In the above expression, k ¼ 1 or 2, and f(u) is the intensity of the spectral

lineshape at a frequency u away from the center frequency (u ¼ 0). In

terms of the order parameters, the expressions for the first and second mo-

ments read:

M1 ¼ �
p
� ffiffiffi

3
p �

cQhjSCDji; (4a)

M ¼ �
9p2

�
20

�
c2

�jS j2�: (4b)
2 Q CD
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Additionally, the distribution of order parameters about the mean is charac-

terized by the parameter D2, defined as (55).

D2 ¼ ��jSCDj2� � hjSCDji2
��hjSCDji2; (5a)

¼ ð20=27Þ�M2 � M2
��

M2; (5b)
1 1

which corresponds to the fractional mean-squared width or variance. The

above expressions characterize how the 2H NMR lineshapes are related

to the distributions of residual quadrupolar splittings (RQCs); i.e., order pa-

rameters averaged over the lipids as indicated by the angular brackets.
Calculation of average membrane properties
using mean-torque model

Further interpreting the jSCDj order parameters in terms of structural quan-

tities entails introduction of various motional models (37,57). In previous

work, a simple diamond-lattice model was used for the configurational sta-

tistics of the polymethylene acyl chains of lipid bilayers in the ld phase (56).

However, such an approach may unduly restrict the segmental distribution

and overestimate the area per lipid at the aqueous interface (58). An alter-

native is a mean-torque potential model (37) to connect the order parame-

ters with the lipid nanostructure. As introduced by Petrache et al. (37), this

model is impactful for validating MD simulations of lipid bilayers (38,59).

For single-component bilayers, or when the membrane composition is

mixed, the interactions between neighboring molecules can change the

average cross-sectional area per lipid. At the molecular scale, on average

each lipid in the membrane occupies a space related to the volume and

length of the hydrocarbon chains by

DC ¼ 2VC=hAi; (6)

where DC is the volumetric thickness of an individual monolayer, and VC is

the total volume of an individual acyl chain. In Eq. 6, the chain volume VC

is given by the densitometry measurements of Nagle et al. (60), and is

conserved (i.e., constant). For diacyl lipids, the interfacial area per molecule

is given by CAD ¼ 2CACD in terms of the area of an individual chain (37,61).

Notably, the volumetric thickness DC and the mean area per lipid hAi are
inversely related, meaning the bilayer core has nearly the density of liquid

hydrocarbon (62). Hence, the volumetric thicknessDC is not the same as the

mean projected acyl length (56). Because of end effects of the acyl chains,

the mean travel away from the aqueous interface is less than the distance to

the bilayer midplane (37).

To avoid complications from chain upturns (37), the relatively ordered

acyl segments near the headgroup can be used instead of the full hydrocar-

bon chain. At a certain bilayer depth, the influence of chain terminations

becomes significant (63). Acyl chains on adjacent molecules are more

disordered beyond this point to maintain the packing at hydrocarbon density

(62). The largest order parameter corresponds to the so-called plateau re-

gion of the 2H NMR order profiles, where the segmental cross-sectional

area and projected length are inversely correlated (56). As first pointed

out by Jansson et al. (56), the average cross-sectional area per lipid is given

as (37)

hAi ¼ 4VCH2
h1=Di: (7)

The reader should note that h1=Di� 1shDi because of the distribution of

segment orientations. Additionally, VCH2
is the methylene volume (60),

and D the instantaneous travel of an individual segment along the

bilayer normal. Following Petrache et al. (37), the above expression can

be recast as

hAi ¼ 4VCH2
q=DM; (8)
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in which DM ¼ 2.54 Å is the maximum projection onto the bilayer normal

of the virtual bonds connecting every second polymethylene chain carbon,

and 4VCH2
=DM is the lipid cross-sectional area in the all-trans conformation

(37). The area factor q is defined as h1 =cos bii where bi is the angle of the
virtual bond between the two Ci–1 and Ciþ1 carbon atoms and the normal to

the lipid bilayer surface (64).

In Eq. 8, the shape of a statistical segment is approximated by a

geometrical prism with a constant hydrocarbon volume. The effective

acyl segment length is averaged over the motions, while the segmental

volume is conserved. For a given acyl segment (index i) a Taylor series

expansion about the all-trans value allows the area factor q in Eq. 8 to

be approximated by qi z 3 � 3hcos bii þ hcos2 bii up to the second or-

der (37). Using solid-state 2H NMR spectroscopy, the second moment

hcos2 bii is then obtained directly from the segmental order parameters

S
ðiÞ
CD by

�
cos2 bi

� ¼
�
1 þ 4S

ðiÞ
CD

	�
3: (9)

Calculation of the first moment hcos bii for a given value of hcos2 bii re-
quires introduction of the potential of mean force, as described below.

The mean-torque model assumes the orientational order parameter

for each chain segment relative to the local director is described by an orien-

tational potential U(b) (potential of mean torque). The probability of

finding a statistical segment with a virtual bond orientation b at any given

instant is given by the Boltzmann distribution f ðbÞ ¼ e�UðbÞ=kBT=Z, where
the chain index (i) is omitted. Here the partition function reads Z ¼R p

0
e�UðbÞ=kBTsin bdb. Assuming a first-order mean-torque model (37),

we find that U(b) ¼ U1(cos b), where U1 is the first moment of the function

U(b) in terms of Legendre polynomials. The angular-dependent

quantities are integrated with the distribution function to give the coupled

equations hcos bi ¼ coth ð�U1 =kBTÞ þ ðU1=kBTÞ� 1 and hcos2 bi ¼
1 þ 2ðU1=kBTÞ� 2 � 2ðU1=kBTÞ� 1 coth ðU1 =kBTÞ. An analytical solu-

tion for hcos bi is then found by using cothð�U1 =kBTÞz1, which, for

an individual segment (index i), yields

hcos bii ¼
�
1 þ

h�
�8S

ðiÞ
CD � 1

	�
3
i 1=2	�

2: (10)

Take note that, for an all-trans conformation of the lipids,

hcos bii ¼ hcos2 bii ¼ 1 and hence q ¼ 1. The volumetric (Luzzati)

bilayer thickness is thus DB ¼ VL=hAi, where VL is the lipid volume

(65,66). Eqs. 7 and 8 for an all-trans chain give a limiting area of

4VCH2
=DM and limiting monolayer thickness of nCDM=2, where nC is the

number of acyl chain carbons. The effective membrane thickness is like-

wise calculated using D0
B ¼ 2DC þ 2DH, where DC is the volumetric

hydrocarbon thickness of the acyl chains of the lipids and DH is the head-

group plus the backbone distance. In the case of phospholipids, DH is 9 Å

(67,68). The values of DH plus DC yield the steric bilayer thickness as

defined by Nagle et al. (65). Following Petrache et al. (37), the chain vol-

ume at temperature T is found from the methylene volume VCH2
using

VCH2
¼ V0

CH2
þ aCH2

ðT � 273:15Þ, where aCH2
is the thermal expansion

coefficient for methylene groups (20,60,69).
Analysis of nuclear spin relaxation rates in terms
of irreducible spectral densities of motion

In lipid bilayers, the molecular motions cause time-dependent fluctuations

in the quadrupolar Hamiltonian, giving the relaxation observed in solid-

state 2H NMR spectroscopy (25,26). For a stationary Markoff process,

the irreducible correlation functions Gm(t) describe the fluctuations of the

C�2H bond orientation (i.e., electrostatic field gradient tensor (EFG)) at

a time t relative to its value at a time t þ t later. The indices m ¼ 0, 51,

and 52 are for projection of the nuclear spin angular momentum onto

the axis of quantization (magnetic field). Coupling of the 2H nuclear
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quadrupole moment with the EFG of the C�2H bond gives a time-depen-

dent perturbation within the interaction picture. If we know the motion,

the correlation function can be deduced and vice versa. Fourier transforma-

tion of Gm(t) then yields the spectral densities of motion, denoted by

Jmðmu0Þ (70), which read as follows:

Jmðmu0Þ ¼
Z N

�N

GmðtÞe� imu0tdt; (11)

where u0 is the Larmor frequency. The spectral densities (power spectra)

are directly related to the solid-state 2H NMR relaxation rates (71), as given

by

R1Z ¼ 3

4
p2c2

Q½Jðu0Þ þ 4J2ðu0Þ�; (12a)

9 2 2
R1Q ¼
4
p cQJ1ðu0Þ: (12b)

Through measuring both the R1Z and R1Q rates, the irreducible spectral den-

sities of motion J1ðu0Þ and J2ð2u0Þ can be experimentally determined (e.g.,

as input for all-atom MD simulations). Notably, translational diffusion of

the lipids in multilamellar dispersions leads to orientational averaging of

the relaxation rates, where the dependence on the projection index (m) van-

ishes due to the spherical symmetry, giving hJmðmu0Þi ¼ Jðmu0Þ for the
orientationally averaged spectral densities. For additional explanation see

Refs. (25,26).
FIGURE 2 Solid-state 2H NMR spectra for DPPE-d62 and DPPC-d62
multilamellar dispersions in the low-temperature (solid-ordered (so)) state

reveal internal chain mobility. (A) The solid-state 2H NMR spectrum of

DPPE-d62 immediately below the order-disorder phase transition indicates

the methylene groups of the acyl chains are nearly equivalent and experi-

ence rapid axial rotation yet are not in the all-trans state. (B) When temper-

ature is lowered, the 2H NMR spectra lose the distinct splittings at

523 kHz. (C) The low-temperature spectrum for DPPC-d62 below the or-

der-disorder phase transition likewise shows the chains are not completely

all-trans and rotate axially. Dotted lines over the spectra show the simulated

solid-state 2H NMR spectra. Simulations in (A) and (B) differ only by the

rate of axial rotation, while (B) and (C) differ only in the line broadening.

(D) Simulated 2H NMR lineshape after introducing lipid rotation about the

director axis. To see this figure in color, go online.
RESULTS

Phospholipid headgroups govern bilayer
structure in the solid-ordered phase

For multilamellar dispersions of DPPE-d62 in the so phase
(or gel, Lb phase), the solid-state

2H NMR spectra comprise
broad powder patterns. Two distinct splittings are evident at
nQ ¼54.5 kHz and523 kHz at 42�C (Fig. 2 A). However,
these splittings are less than expected for the methyl and
methylene groups of an all-trans chain undergoing axial
rotation (nQ ¼ 5

10.6 and 532 kHz, respectively). With
temperature reduction, the experimental spectra change
further (Fig. 2 B), obscuring the splittings at 523 kHz.
Particularly the solid-state 2H NMR spectra of DPPE-d62 bi-
layers acquired at 29�C resemble those for DPPC-d62 at
nearly the same temperature (Fig. 2 C). However, the
DPPC-d62 bilayer yields this type of spectra at all tempera-
tures below the main order-disorder phase transition
(55,72). Although the methylene segments do not appear
completely all-trans, they are roughly equivalent. To further
interpret the data, spectral lineshape simulations were car-
ried out (Fig. 2 A�C). For all three cases, an effective
coupling constant of ceff

Q h 150 kHz was used to fit the
spectral data. The simulations indicated a nearly all-trans
configuration for the acyl chains, with a whole-molecule
wobbling motion (order parameter S z 0.9) that further av-
erages the EFG tensors (Fig. 2 D) to give the experimental
quadrupolar splittings. The differences for DPPE-d62 at
42�C (Fig. 2 A) and 29�C (Fig. 2 B) come mainly from
the rate of axial diffusion, which is 6.58 � 106 rad s�1 for
the 42�C and 2.85 � 106 rad s�1 for the 29�C simulations.
The simulated spectra for DPPE-d62 at 29�C and for
DPPC-d62 at 31�C are nearly identical, except for slight
changes in the amount of line broadening. In both cases,
the so phase shows significant mobility and disorder of the
lipids at the molecular level. For DPPE bilayers the molec-
ular packing is tighter and molecular order is higher,
whereas, in DPPC, the greater motional averaging yields
smoother shoulders requiring additional line broadening to
simulate the lineshapes.

Changes in the first and second moments of the solid-state
2H NMR lineshapes with temperature (Fig. 3 A and B)
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FIGURE 3 Moment analysis of solid-state 2H NMR spectra of multila-

mellar lipids reveals structural information for solid-ordered (so) and

liquid-disordered (ld) states. (A) First moment M1, (B) second moment M2,

and (C) mean-squared deviation D2 are shown as a function of increasing

(filled symbols) and decreasing (open symbols) temperature for DPPE-d62
and DPPC-d62 multilamellar dispersions. The large change in moments is

due to the main chain melting transition, which occurs at 56�C for DPPE-

d62 and 38
�C for DPPC-d62 bilayers. Neither sample shows appreciable hys-

teresis in the phase transition region. To see this figure in color, go online.
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strikingly reveal the order-disorder phase transitions of the
two lipids, with very little hysteresis. The main phase tran-
sition temperature, Tm, for DPPE-d62 is approximately 20�C
higher than DPPC-d62 as shown by the mean-square devia-
tion of the order parameters (Fig. 3 C) (Tm ¼ 56�C versus
38�C; note the 2H isotope effect). Under these conditions,
both phospholipids are in the lamellar phase, because the
transition to the nonlamellar (HII) phase occurs at appre-
ciably higher temperatures (118�C for DPPE-d62) (73).
The moments for the phosphatidylcholine bilayer are less
than the phosphatidylethanolamine bilayer between 30�C
and 37�C, which may indicate another phase, such as the
Pb0 ripple phase with tilted chains (74,75). This pretransition
has been observed by differential scanning calorimetry, and
occurs from the Lb0 phase, in which the acyl chains are all-
trans and tilted with respect to the bilayer normal (76), to
the Pb0 ripple phase (73). Below the pretransition, for
DPPC-d62 the moments continue to increase with
decreasing temperature (Fig. 3 A and B). The pretransition
is not seen for DPPE-d62 using solid-state 2H NMR, nor is
4210 Biophysical Journal 121, 4205–4220, November 1, 2022
it observed by differential scanning calorimetry (77). We
thus conclude that, in the so (gel) phase, both DPPE and
DPPC lipids are nearly all-trans, although rotating about
their long axes gives additional disorder.
Structural properties of phospholipids are
affected by polar headgroups in the liquid-
disordered phase

The spectral moment analysis establishes how the multila-
mellar DPPE-d62 and DPPC-d62 lipids undergo the phase
transition to the ld phase (or La phase) as the temperature
is increased. We now consider the biologically relevant
liquid-crystalline state in greater detail, as investigated by
solid-state 2H NMR spectra of DPPE-d62 and DPPC-d62 in
the ld phase (La phase) (Fig. 4). Representative powder-
type 2H NMR spectra of random multilamellar dispersions
are shown at the top (Fig. 4 A and B), and oriented subspec-
tra (q ¼ 0�) obtained by numerical deconvolution (de-Pake-
ing) (47) are given at the bottom (Fig. 4 C and D). From the
de-Paked subspectra, the distribution of RQCs is clearly
evident. The largest splitting corresponds to the acyl seg-
ments near the polar headgroups, with a progressive
decrease until the terminal methyl groups with the smallest
splittings are reached (27). At nearly the same absolute tem-
perature, the residual quadrupolar splittings DnQ are clearly
greater for DPPE-d62 than for the DPPC-d62 bilayer
(Tables S1 and S2), and more methylene groups contribute
to the maximum splitting giving greater intensity. This
behavior is also reflected in the spectral moments, which
are higher for DPPE-d62 compared with DPPC-d62 at the
same temperature (Fig. 3). Hence, in the ld phase, the
ordering of the acyl chains is greater for DPPE-d62 than
for the DPPC-d62 bilayers. It immediately follows that, in
the ld phase, the DPPE bilayer has a smaller polar headgroup
area at the aqueous interface and a correspondingly greater
bilayer thickness (37).

Influences of PE headgroups on the acyl chains are quan-
titatively established from comparing plots of the segmental
order parameters
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 as a function of acyl carbon position

(i) (Fig. 5 A and B) for multilamellar dispersions of DPPE-
d62 and DPPC-d62 in the ld phase (La phase) at different tem-
peratures (cf. Tables S1�S4). As evident from the moment
analysis, the order parameters are higher for DPPE-d62 than
DPPC-d62 at all temperatures, and the length of the plateau
constant region is longer. This finding is not restricted to the
palmitoyl acyl chains of DPPE-d62 and DPPC-d62. Similar
behavior has also been observed when comparing bilayers
of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine
(DMPE) (78,79), as well as 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine (POPE), in the ld phase
(La phase) (80). In these cases, the phosphatidylcholines
showed smaller order parameters than the corresponding



FIGURE 4 Solid-state 2H NMR spectra of multilamellar lipid disper-

sions show distributions of residual quadrupolar splittings (RQCs) in the

ld or La phase. Representative data are shown for (A) DPPC-d62 at 65�C
and (B) DPPE-d62 at 69

�C in the La state. Powder-type 2H NMR spectra

due to a random distribution of lamellae (A and B) are shown with the cor-

responding de-Paked spectra (C and D) directly beneath. The different

methyl intensities in (C) and (D) arise from the different pulse sequence de-

lays and are not significant. Both lipids give similar spectra, although the

quadrupolar splittings for DPPE-d62 are larger compared with DPPC-d62 bi-

layers. To see this figure in color, go online.
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phosphatidylethanolamines at the same absolute tempera-
ture. Analogous results have been obtained by Fourier-trans-
form infrared spectroscopy (FTIR) of DPPE-d4 specifically
deuterated at the C4 acyl position, which shows a decrease
in the fraction of gauche isomers compared with DPPC-d4 in
the ld phase (La phase) (81). Higher values of the average
bilayer thickness and a smaller average area per lipid hAi
are calculated for DPPE compared with DPPC using the
mean-torque model (37,64), indicating the molecular pack-
ing is more condensed (Table S5). The observed molecular
packing and bilayer thickness thus reflect the effect of
methylation of the polar headgroups on the dynamic and
material properties of the bilayers, as described below.

Further information on the phospholipid molecular dy-
namics can be experimentally obtained from solid-state 2H
NMR relaxation measurements (25,26,82). A summary of
our spin-lattice (R1Z) and quadrupolar-order (R1Q) relaxa-
tion rate studies for DPPE-d62 and DPPC-d62 multilamellar
dispersions in the ld phase (La phase) is shown (Fig. 6 A) at
different temperatures. The relaxation rates as a function of
the carbon position (Tables S6 and S7) were measured from
the de-Paked solid-state 2H NMR spectra. We assumed that
averaging over all bilayer orientations occurs for DPPE-d62
as shown previously for DPPC-d62 bilayers (53), so that the
de-Pakeing procedure is valid. Particularly the R1Z and R1Q

relaxation rates for the DPPC-d62 multilamellar dispersions
are significantly greater than for DPPE-d62 for a given jSCDj
value at the same absolute temperature (Fig. 6 A). If compar-
ison is made at the same reduced temperature Tred ¼ (T �
Tm)/Tm where Tm is the chain melting temperature (see
above), the differences between DPPE-d62 and DPPC-d62
bilayers are even more pronounced. For both lipids, the
relaxation rates diminish with greater temperature (Fig. 6
A), as seen for the homologous series of phosphatidylcho-
lines (83). No maximum is found in either R1Z or R1Q

(i.e., minimum in T1Z or T1Q). Hence, the motions causing
the relaxation are fast with respect to the nuclear resonance
(Larmor) frequency (>3 � 108 s�1). Additionally, for
DPPC-d62, the relaxation rates decrease moving down the
acyl chain (smaller jSCDj values), as observed for other
phosphatidylcholines (83,84). This trend is also observed
for the R1Z relaxation rates of DPPE-d62, although the R1Q

rates decrease less as the order parameter is reduced. For
DPPC-d62, the R1Z and R1Q relaxation rates are nearly equal
for each observed jSCDj value and temperature investigated.
However, the DPPE-d62 bilayers have a different behavior,
as the R1Z and R1Q rates are equal only near the headgroup
(high SCD; carbons �C2–C12). Clearly PE condenses the
bilayer surface, although not as much as cholesterol, so
that the smaller size and intermolecular hydrogen bonding
of the polar headgroups yield greater bilayer thickness and
reduced hydration versus PC bilayers. Variations also occur
in the dynamic properties of the lipids due to their collective
interactions within the membrane bilayers, which are dis-
cussed subsequently.

We next address the question of how we can disentangle
the types, rates, and amplitudes of the lipid motions through
combined measurements of the nuclear spin relaxation rates
and the segmental order parameters (85). Here, the relaxa-
tion rate profiles are reminiscent of the order profiles, in
that an approximate plateau is evident over the top part of
the chain, decreasing with greater depth in the bilayer
(Fig. 6 A). The results show an accumulation of the motional
rates and/or amplitudes with greater depth within the hydro-
carbon core. For all positions within the bilayer, the rates
decrease with temperature, indicating the relevant motions
have correlation times less than the inverse nuclear Larmor
frequency (<2p/u0 z 3.4 ns). An additional important
aspect is that, by measuring both the R1Z and R1Q rates,
the irreducible spectral densities of motion J1(u0) and
J2(2u0) are determined from Eqs. 12a and 12b as model-
free experimental observables. Similar to the relaxation
rates, the irreducible spectral densities decrease with greater
temperature and smaller order parameters (Fig. 6 B).
Notably, the NMR relaxation rates are averaged over all
Biophysical Journal 121, 4205–4220, November 1, 2022 4211



FIGURE 5 Order parameter profiles of phospholipid acyl chains reveal

differences due to phosphocholine and phosphoethanolamine headgroup

substituents. (A) DPPE-d62 and (B) DPPC-d62 order profiles as a function

of chain position (index i) are compared at various absolute and reduced

temperatures in the ld or La phase. The smaller and larger values for the car-

bon segments arise from the sn-1 and sn-2 chains, respectively. Note the

segmental ordering is greater for DPPE-d62 at all absolute and reduced tem-

peratures compared with the DPPC-d62 bilayer. The estimated error in the

order parameters is 50.001. To see this figure in color, go online.
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director orientations by translational diffusion of the lipids
over the curved bilayer surfaces in multilamellar disper-
sions, as shown by the spectral hole-burning experiments
of Brown and Davis (53). For the DPPE-d62 and DPPC-
d62 bilayers, the orientationally averaged spectral densities
are designated by hJmðu0Þi h Jðmu0Þ, where, due to the
spherical symmetry, the dependence on the projection
indices m ¼ 1, 2 with respect to the axis of quantization
(magnetic field direction) vanishes. However, in this paper,
we also retain the angular momentum projection indices
(m ¼ 1, 2) for generality.
Solid-state NMR spectroscopy characterizes
structure and dynamics of lipid mixtures

Turning now to mixtures of phospholipids, their average and
dynamic properties in the ld phase (La phase) can be similarly
explored. The segmental order parameters for a 1:1 mixture
of either DPPE-d62:DPPC or DPPC-d62:DPPE (Fig. 7 A) are
intermediate to those of the pure DPPE-d62 or DPPC-d62
multilamellar dispersions (cf. Tables S3 and S4). We note
4212 Biophysical Journal 121, 4205–4220, November 1, 2022
that the order parameter profiles are essentially identical,
regardless of which lipid species is deuterated. Such a situa-
tion has also been encountered with mixtures of DPPC and
the corresponding lysolipid, 1-palmitoyl-sn-glycero-3-phos-
phocholine (PalPC) (56). These observations suggest that the
order parameter is characteristic of the entire system and not
the individual molecules in the (binary) mixture. The axial
symmetry of the solid-state 2H NMR spectra about the
bilayer normal (director) likewise implies that the order
parameter is a collective property of the lipid nanostructure.
Hence, one can investigate the average bilayer properties on
the relevant time scale of solid-state 2H NMR spectroscopy
(<10�5 s) (27) regardless of the probe lipid.

As in the case of the pure compounds, for the binary mix-
tures of perdeuterated lipids, the relaxation rates R1Z and
R1Q can be studied in similar fashion (Figs. S1�S5). Plots
of the relaxation rates R1Z and R1Q as a function of carbon
index (i) for 1:1 mixtures of DPPE:DPPC (Fig. 7 A and B)
show the relaxation rates are nearly the same regardless of
the headgroup of the labeled lipid (Tables S8 and S9).
Because of the large two-phase region observed for
DPPE:DPPC mixtures (86), it is difficult to define a reduced
temperature, and so the relaxation rates are only compared
at the same absolute temperature. For the DPPE:DPPC
(1:1) mixtures, the R1Z relaxation rates in the so-called
plateau region (highest jSCDj values) are greater than for
either the single-component DPPE-d62 or the DPPC-d62 bi-
layers at the same absolute temperature (Fig. S1). For the
lipid mixtures in the ld (or La) phase, both the equilibrium
and dynamic bilayer properties are thus an average of those
of the component lipids.

To recapitulate at this stage, our experimental findings
show that methylation of phosphoethanolamine to give
phosphatidylcholine yields a greater area per lipid and a
decrease in the bilayer thickness, corresponding to a reduc-
tion of absolute spontaneous monolayer curvature (7,87).
The segmental order parameters and relaxation rates are
nearly independent of which component of the mixture is
deuterated; i.e., whether it is DPPE-d62 or DPPC-d62 that
is observed in the binary mixture. Accordingly, the area
per lipid and dynamic properties are averaged over the
entire bilayer on the 2H NMR time scale (<10�5 s) regard-
less of the probe lipid (21). Changes in both the order pro-
files and relaxation rate profiles further indicate an effect
of headgroup methylation on collective lipid dynamics,
thereby imparting diminished stiffness and bending rigidity
of the bilayer for PC versus PE lipids.
DISCUSSION

Solid-state NMR spectroscopy clearly indicates a role of the
lipid polar headgroups in modulating collective dynamics of
the acyl chains in biomembrane function. Experimentally, it
is found that membrane proteins are sensitive to both the
phospholipid headgroups and the acyl chains (7), implying



FIGURE 6 Solid-state 2H NMR relaxation rate profiles of phospholipid

acyl chains exhibit significant differences due to polar headgroups. (A) Pro-

files of relaxation rates R
ðiÞ
1Z and R

ðiÞ
1Q plotted against chain position (i) for

multilamellar dispersions of DPPE-d62 and DPPC-d62 at various tempera-

tures in the ld or La phase. Note the relaxation rates are smaller for

DPPE-d62 than for the DPPC-d62 bilayer. (B) Corresponding profiles of

model-free irreducible spectral densities of motion Jðu0Þ and Jð2u0Þ
calculated from experimental 2H NMR relaxation rates. The estimated error

in the relaxation rates and spectral densities is 55%. To see this figure in

color, go online.
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that combined interactions are likely to be involved (7,88).
Besides allosteric modulation of membrane protein activity,
nonspecific lipid-protein interactions due to bulk bilayer
properties can be implicated in membrane function. Accord-
ingly, we studied two phospholipids with different polar
headgroups, but identical acyl chains, namely 1,2-dipalmi-
toyl-sn-glycero-3-phosphoethanolamine (DPPE) and 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC). In
particular, DPPC has three methyl groups on the headgroup
nitrogen, whereas DPPE lacks these quaternary groups and
is a primary amine. We discovered that changes due to
methylation produce striking effects on the average proper-
ties of model membranes and further modulate their dy-
namic behavior. Previous studies have shown the effective
area per molecule is less for DPPE than for DPPC, which
is due to the smaller size and capacity of phosphatidyletha-
nolamines to hydrogen bond, allowing tighter packing and
reduced hydration (37). Close packing of the molecules re-
stricts the lipid cross-sectional area available to the acyl
groups and is compensated for by greater chain travel along
the director. In consequence, stretching of the chains leads
to an increased DPPE bilayer thickness versus DPPC mem-
branes. Further dynamic effects have been uncovered in this
work that we attribute to greater bending rigidity of PE-con-
taining bilayers, with implications for lipid nanostructures
and lipid modulation of protein function (89).

On account of the different behavior of the polar head-
groups (4,22,31), modulation of membrane properties is
possible by mixing lipids of different molecular areas or
bilayer thickness (89). In the single-phase region of mix-
tures of phospholipids such as those found in bio-
membranes, the average properties depend on both the
polar headgroups and the fatty acyl composition (7). Inclu-
sion of phosphatidylethanolamine in the bilayer has the ef-
fect of condensing the membrane, making it thicker in the ld
phase. Methylation of the headgroups, as in the case of PC
versus PE, weakens the intermolecular interactions, leading
to greater area per lipid, smaller bilayer thickness, and a
lower order-disorder phase transition temperature. Head-
group methylation also decreases the absolute spontaneous
curvature of the individual monolayer leaflets of the bilayer,
favoring lamellar nanostructures and increasing the window
of stability between the so (gel) and nonlamellar (HII)
phases. Altering the lipid composition thus gives an impor-
tant means for modulating structural or material properties
of cellular membranes in relation to protein activity.
Structure and mobility of phospholipids in the
solid-ordered phase are revealed by NMR
spectroscopy

Additionally, the low-temperature behavior of DPPE-d62
varies from the DPPC-d62 bilayer and other diacylphosphati-
dylcholines (72) due to the different headgroup interactions.
In the so phase of DPPE-d62 the solid-state

2H NMR spectra
have the same approximate shape as expected for all-trans,
axially rotating acyl chains. Nonetheless, the observed spec-
tral moments are smaller than expected. The first and second
moments are calculated to be 1.5 � 105 s�1 and 2.9 � 1010

s�2, respectively, for the caseof rotatingpolymethylene chains
with rotatingmethyl groups (55). These values are higher than
those in Fig. 3, indicating that, even in the so phase, there is
appreciable disorder. By contrast, for the DPPC-d62 bilayer,
a broad distribution of methylene splittings is evident, which
lacks the well-defined value of 523 kHz (Fig. 2 C). When
the temperature is decreased to below 30�C, the spectra for
DPPE-d62 change and they lose the distinct splitting at 523
kHz. The solid-state 2H NMR spectra and the moments of
both the DPPE-d62 and DPPC-d62 multilamellar dispersions
(Figs. 2 B and C and 3) then become rather similar.
Compared with phosphatidylethanolamines, the diacyl

phosphatidylcholines have a broader distribution of quadru-
polar splittings along the chains, because they are not fully
in the all-trans state. In addition, rotation about the long mo-
lecular axis could be in the intermediate exchange region on
the NMR time scale for the diacylphosphatidylcholines. The
lineshape simulations indicate that this hypothesis can ac-
count for much of the differences (56). Current lineshape
Biophysical Journal 121, 4205–4220, November 1, 2022 4213



FIGURE 7 Summary of results of solid-state 2H NMR spectroscopy for DPPE:DPPC (1:1) binary phospholipid mixtures in the ld state. (A) Segmental

order parameters


SðiÞCD



 profiles and (B) relaxation rates R
ðiÞ
1Z and R

ðiÞ
1Q profiles at various temperatures. Note that the order parameters and relaxation rates

are nearly independent of which component of the binary mixture is deuterated; i.e., whether it is DPPE-d62 or DPPC-d62 that is observed in the binary

mixture. Hence the position of the deuterated acyl chains in the binary lipid mixtures has little effect on the observed order parameters and relaxation rates.

(C) Square-law dependence of relaxation rates on segmental order parameters at 65�C in the ld phase (La phase). Data are for multilamellar lipid dispersions

(50 wt % water). Note that the segmental order parameters, relaxation rates R1Z and R1Q, and slopes of the square-law plots are similar irrespective of the

deuterated lipid molecules in the binary mixture. The estimated error in the order parameters is 50.001 and the error in the relaxation rates is55%. To see

this figure in color, go online.
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simulations of DPPE-d62 and DPPC-d62 (Fig. 2 A–C) indi-
cate that variations in the axial diffusion rates can produce
changes in the solid-state 2H NMR spectra. At 40�C, the
DPPE-d62 molecules undergo axial diffusion at approxi-
mately 6.6 � 106 rad s�1, which is rapid on the 2H NMR
time scale. When the temperature is lowered, this rate is
diminished, and at 29�C it is slow enough to affect the
solid-state 2H NMR lineshape (2.9 � 106 rad s�1). This
rate is comparable with DPPC-d62 at the same temperature,
where the two bilayer systems yield similar spectra. On the
other hand, DPPC-d62 exhibits such spectra at all tempera-
tures below the chain melting phase transition. The higher
order-disorder phase transition temperatures for phosphati-
dylethanolamines can be understood in terms of hydrogen
bonding of the polar headgroups (90). Conversely, the lack
of a pretransition in DPPE-d62 is likely also related to the
size of the headgroups. For DPPC-d62, by contrast, once
the chains are in the all-trans conformation, they must tilt
to compensate for the cross-sectional area, as they are not
large enough to fill the space beneath the phosphocholine
headgroups. Because the phosphoethanolamine headgroups
are much smaller, the chains do not need to tilt once they
become all-trans (81), and hence no pretransition is
observed.
Segmental order parameters describe average
phospholipid structure in the liquid-disordered
phase

Following this logic, the effective size of the polar head-
groups also affects the average properties of the acyl chains
in the ld (or La) phase. The different order profiles of DPPE-
4214 Biophysical Journal 121, 4205–4220, November 1, 2022
d62 and DPPC-d62 must be related to methylation of the
polar headgroups because the acyl chains are identical
(Fig. 5). As mentioned above, the most obvious distinction
is the headgroup size and capacity for hydrogen bonding
(91,92). Both X-ray diffraction and solid-state 2H
NMR spectroscopy indicate the phosphatidylethanolamines
occupy a smaller area per lipid at the aqueous interface
compared with phosphatidylcholines. Based on our solid-
state 2H NMR results, the smaller interfacial area per mole-
cule for DPPE-d62 is likely associated with the larger order
parameters compared with the DPPC-d62 bilayer (93). The
lack of methyl groups and hydrogen bonding of the primary
amine yields an overall reduction in the average area per
molecule. Hence, for DPPE-d62, the chains must become
more ordered, i.e., stretched along the bilayer normal, to
conserve the density at that of liquid hydrocarbon.

An added corollary is that the order parameters are
directly relevant to the balance of attractive and repulsive
forces acting upon the polar headgroups and the acyl chains.
One possibility is for the lipid volume to take an average
shape that optimally packs into a particular nanostructure
(94). For example, lipids in a planar bilayer approximate
the shape of a cylinder or rectangular parallelepiped, in
which the area at the lipid-water interface is the same as
the average cross-sectional area of the chains. If the area
at the lipid-water interface is smaller (i.e., due to substitut-
ing PE for PC), then the cylinder must be longer, because the
chain volume remains constant. Longer acyl chains mean
fewer gauche isomers and higher order parameters, as
seen experimentally. The average shape concept is useful
in interpreting the solid-state 2H NMR order profiles and
when comparing the order parameters of lipid phases (28).
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The PE headgroups form a smaller cross-sectional area rela-
tive to the acyl chain, resulting in an inverted cone shape for
lipid molecules and thus having negative spontaneous cur-
vature, whereas PC headgroup lipids form a cylindrical mo-
lecular shape, leading to zero spontaneous curvature (7,95).
The elastic deformation is formulated in terms of the dy-
namic bending rigidity using NMR relaxation methods.
Accordingly, an explanation in terms of spontaneous curva-
ture may be informative (95). Because of the small size of
the phosphoethanolamine headgroups, they favor a reduced
cross-sectional area versus the chains. The spontaneous
(intrinsic) curvature or bending moment of an individual
lipid monolayer (leaflet) toward water is described by the
flexible surface model (FSM) (7). It corresponds to bending
of a neutral plane, where the area per lipid is constant, so
that the deformation energy is described by the mean-curva-
ture modulus (bending rigidity). Monolayer bending is
counteracted by the stretching energy of the chains in the
two opposed monolayers, as revealed by the 2H NMR order
profiles. In the lamellar phase, the curvature is zero, leading
to frustration of the spontaneous curvature (88,95). For
either picture, the smaller interfacial area and reduced hy-
dration of PE headgroups lead to greater lipid strain defor-
mation in the lamellar phase that can affect membrane
protein structure and activity.

Next, we can ask what happens when lipids with different
headgroup sizes, i.e., DPPE and DPPC, are mixed in the ld
state. In such cases, the segmental order parameters of the
acyl chains are intermediate between those of the pure
components and are independent of the identity of the
headgroup in the phospholipid mixtures (Fig. 7 A). Let us
now come back to the example of mixtures of lipids with
a similar chemical composition. For example, mixtures
of DPPC and 1-palmitoyl-sn-glycero-3-phosphocholine
(PalPC) form bilayers whose properties are averaged over
all the lipids in the system (56,96). What is striking is that
this average can be detected no matter which component
is deuterated. Similarly, for the DPPE/DPPC mixtures, the
fact that in the ld phase the lipid order parameters are iden-
tical indicates that the headgroup to which the deuterated
acyl chains are attached is not the determining factor. The
headgroups form the surface of the lipid nanostructure and
govern the cross-sectional area available to the acyl chains
in the ld phase. As a result, changing the amounts of
different components has an effect that is averaged over
the entire membrane.
Solid-state NMR relaxation experimentally
investigates the molecular dynamics of
phospholipid membranes

Up to this point we have mainly considered the differences
in equilibrium or average properties of the DPPE-d62 and
DPPC-d62 bilayers. However, it is likely that variations in
dynamic properties may be equally significant, as quantified
by the rates and amplitudes of the structural fluctuations
(23). We have already pointed out how the thermal motions
of the lipids are subject to the same forces and potentials that
govern their equilibrium properties (85). According to the
fluctuation-dissipation theorem, if an object is deformed
(in our case, a lipid membrane), then kinetic energy is dissi-
pated as heat. In the reverse process, the spontaneous ther-
mal fluctuations around the mean structure (measured via
nuclear spin relaxation) depend on the same material con-
stants, e.g., the bending rigidity (k) (85,97,98). In solid-state
2H NMR spectroscopy, the fluctuations of the EFG tensor
are associated with the C�2H bond direction to the main
magnetic field and are the origin of the relaxation. Motions
of the C�2H bond segment, e.g., due to trans–gauche isom-
erizations, cause the orientation of the molecule-fixed tensor
to fluctuate, which is monitored in relaxometry experiments
(99). The various motions correspond to local isomeriza-
tions of the lipids, together with collective segmental or mo-
lecular motions related to the intermolecular forces. Each of
the motional types with different mean-square amplitudes
has a function Gm(t) that describes how the orientation of
the EFG tensor at time t is correlated to its orientation at a
time t þ t later. For a stationary Markov process, the spec-
tral densities Jm(mu0) of the motions (power spectra) are
related to the nuclear spin relaxation rates (Eqs. 12a and
12b) and are given by Fourier transformation of the correla-
tion functions.

If only one relaxation rate is measured, then clearly the
irreducible spectral densities of the bilayer motions cannot
be separated. However, by measuring both the R1Z and
R1Q rates, the spectral densities J1(u0) and J2(2u0) can be
obtained as model-free spectroscopic observables (Fig. 6
B). Because the local motions are very rapid—the bilayer
microviscosity is on the order of liquid hydrocarbon
(62,85,100)—collective motions of the lipid molecules can
be dominant; e.g., due to bilayer twist, splay, and bend de-
formations (85,101). Rapid segmental motions can pre-
average the static EFG tensor, leading to a residual or
effective tensor, which is modulated by the molecular or col-
lective bilayer disturbances that cause the relaxation. In
terms of the fluctuation-dissipation theorem (85), the ther-
mal bilayer dynamics correspond to its deformation under
an applied external force. Pre-averaging of the EFG tensor
by rapid localized motions would mean the collective or-
der-director fluctuations (ODF) lead to smaller relaxation
rates and spectral densities as a result (83). This explanation
can account for the decrease in relaxation rates as the tem-
perature is raised, or toward the ends of the acyl chains. Still,
it would then be expected that the relaxation rates for DPPE-
d62 exceed those of the DPPC-d62 bilayer if the viscoelas-
ticity is the same, due to the increased order parameters,
which is not seen (Fig. 6). Consequently, the segmental or-
der parameter by itself does not explain the differences in
relaxation rates; additional factors such as the bending rigid-
ity (k) must be considered (102).
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Collective dynamics and emergent elasticity of
lipid membranes are revealed by nuclear spin
relaxation

Experimentally, the relaxation rate profiles as a function of
chain position in the ld phase are related to the correspond-
ing SCD order parameter profiles. Because the nuclear spin
relaxation rates and the corresponding spectral densities
depend on both the rates and amplitudes of the lipid mo-
tions, the relaxation profile is a functional of the order pro-
file; often, there is a model-free, square-law dependence of
the relaxation profile on the order profile (Fig. 7 C). How
can we explain these striking differences in relaxation rates
of the acyl chains, which are due to the lipid polar head-
groups? One explanation is that fast segmental fluctuations
of the lipids set up an order profile that is pre-averaged due
to localized trans–gauche isomerizations. The local order
profile is then further averaged by collective bilayer fluctu-
ations of the lipids to give the observed order profile (85). As
noted above, the static coupling constant (due to the electric
quadrupolar interaction in 2H NMR spectroscopy) is pre-
averaged by the local fluctuations, giving a residual
coupling constant that can be further modulated by collec-
tive bilayer disturbances due to ODF of the lipids. Because
the relaxation rates and spectral densities depend on the
spectral power of the fluctuations—i.e., the square of the
coupling constant (Fermi’s golden rule) (103)—such a
square-law relation is immediately explained. Collective
fluctuations of the lipids are then described within a contin-
uum approximation in terms of material constants for the
twist, splay, and bend fluctuations of the bilayer itself.
Within a single elastic constant approximation, the coeffi-
cient of the collective viscoelastic deformations is related
to the Helfrich bending rigidity (k) (104). In this way, a
connection is found between the spontaneous thermal fluc-
tuation of the bilayer detected at an atomistic level and
the material elastic constants for deformation away from
equilibrium (85,105).

For membrane lipids, we can formulate the spin-lattice
relaxation as the result of the composite fast and slow mo-
tions (85,105), which leads to

R
ðiÞ
1Z ¼ At

ðiÞ
f þ Bf ðu0Þ



SðiÞCD

2; (13)

and, similarly,

R
ðiÞ
1Q ¼ Ct

ðiÞ
f þ Dgðu0Þ



SðiÞCD

2: (14)

In the above formulas, the relaxation rates are assumed to be
motionally averaged by lateral diffusion of the lipids over the
curved bilayer surfaces (53). The square-law dependence of
the R

ðiÞ
1Z and R

ðiÞ
1Q relaxation rate profiles on the corresponding

SðiÞCD



 order parameter profile in terms of the acyl carbon in-
dex (i) is a signature of collective slow motions of the lipids
(83,85). In terms of quantum mechanical principles, it is a
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simple manifestation of Fermi’s golden rule (103). In the first
term on the right, t

ðiÞ
f is the effective correlation time for fast

local motions of the ith segment, and A and C are related to
the static coupling constant. The second term entails a distri-
bution of correlation times arising from the collective bilayer
modes that undergo viscoelastic relaxation. Slower quasielas-
tic bilayer disturbances in the frequency domain are
described by the functions f ðu0Þ and gðu0Þ, where B and
D characterize the viscoelasticity of the membrane
(97,102,105). A larger bending rigidity gives a smaller slope
and vice versa, as universally seen for cholesterol-containing
bilayers (21,98,102). An experimental example is shown for
the case of the DPPE:DPPC (1:1) lipid mixture (Fig. 7 C),
which supports the theoretically predicted (85) square-law
dependence of the R

ðiÞ
1Z and R

ðiÞ
1Q relaxation rates on the corre-

sponding S
ðiÞ
CD order parameters. Remarkably, the structural

dynamics are independent of whether DPPE or DPPC is
observed as the deuterated lipid species in the binary mixture
(Fig. 7 A�C). In mixtures of DPPE and DPPC, the dynamics
are the same regardless of the probe lipid headgroup and
show intermediate bending rigidities. Average viscoelastic
properties of the bilayer are thus detectable with NMR relax-
ation as they emerge from atomistic interactions.

Until now, the square-law dependence has mainly been
shown experimentally for bilayers of disaturated phosphati-
dylcholines (97,106) in the ld state. The current data extend
these results to phosphatidylethanolamines and uncover
how the square-law functional relation (Eqs. 13 and 14) cor-
responds to emergent viscoelastic properties of lipid mem-
branes. Collective lipid motions explain the variation in
relaxation between the DPPE-d62 and DPPC-d62 bilayers
by differences in their effective viscoelastic constants
(85,97,105). In addition, the frequency dependence of the
relaxation rates yields an u

� 1=2
0 power-law relation

(26,62,105) that likewise informs the collective dynamics.
Such a relation is also a characteristic signature of
the contribution of ODF to the relaxation (107,108),
whereby collective modes due to thermal motions lead to
fluctuations in the local directors (85). In liquid-crystalline
nanomaterials, the director represents the average orienta-
tion of the molecules. The local director motions can be
visualized as cooperative reorientations of the molecules
or their segments relative to the average director (membrane
normal), due to quasicoherent, wavelike elastic disturbances
that manifest the forces acting on the lipid molecules
(62,85).

Our investigations are summarized (Fig. 8) to reveal how
the experimental R1Z rate profiles are functionals of the
order parameter jSCDj profiles. The data support the
square-law relation first described (85) for the DPPC
bilayer (Fig. 8 A), and moreover extend the approach to
phosphatidylethanolamine systems (Fig. 8 B and C). Com-
parison of the plots at various temperatures for DPPE-d62
and DPPC-d62 bilayers shows that, in the former case,
the ODF contribution is strikingly reduced. According to



FIGURE 8 Summary of influences of polar headgroups on solid-state 2H

NMR spin-lattice relaxation rates R
ðiÞ
1Z and order parameters



SðiÞCD

 for multi-

lamellar lipids in the ld phase. Square-law plots of R
ðiÞ
1Z versus



SðiÞCD

2 are

shown for (A) DPPC-d62 bilayers at various temperatures, (B) DPPE-

d62:DPPC (1:1) and DPPC-d62/DPPE (1:1) lipid mixtures at 65�C, and
(C) DPPE-d62 membranes at different temperatures in the ld phase (La

phase) (data included from Ref. (97)). Inset shows mean-torque model-

derived structural parameters, bilayer steric thickness D0
B (solid line), and

average interfacial area per lipid hAi (dotted line) at various temperatures.

Note that the square-law slopes for the DPPE:DPPC mixtures are indepen-

dent of the deuterated molecule and have an intermediate value relative to

the component lipids. The estimated error in the relaxation rates is 55%

and the error in the order parameters is 50.001. To see this figure in color,

go online.
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our picture, the diminished slope for DPPE indicates a
higher bending rigidity than for the DPPC bilayer, which
emerges at the local atomistic level. Our findings are
consistent with the structural parameters calculated using
the mean-torque model (Fig. 8 A, inset). The change in col-
lective motions for phosphatidylethanolamine is explained
by closer packing of the polar headgroups., whereas the
square-law plots for DPPC/DPPE mixtures (Fig. 8 B) fall
in between those for the individual lipids (Fig. 8 A
and C). As a general result, the square-law dependencies
of the relaxation rates for lipid mixtures show similar con-
tributions independent of the labeled molecule. This
finding points to averaging of the viscoelastic properties
just as for the structural parameters. The combined relaxa-
tion rate and order parameter measurements report on
viscoelastic properties of the bilayer as they emerge from
the atomistic level interactions and are uniquely detected
with solid-state NMR spectroscopy.
Implications for lipid biophysics

Solid-state 2H NMR spectroscopy provides exceptional
insight into how the phospholipid headgroups control
the emergent structural and material properties of bio-
membranes. Experimentally, the approach is highly
synergistic with X-ray (36,107,109,110) and neutron
(21,111,112) diffraction studies of symmetric and asym-
metric lipid membranes (34). Our investigations highlight
how the smaller effective size and hydrogen-bonding capac-
ity of the phosphoethanolamine headgroups affect the acyl
chain packing and dynamics compared with methylated
phosphocholine substituents. In the so or gel phases, there
is significant mobility of the lipids. Collective lipid dy-
namics at mesoscopic length scales in the ld phase further
inform the emergence of soft-material properties, such as
the bending rigidity (modulus) (110,113–116). Close pack-
ing of the phosphatidylethanolamine molecules restricts the
cross-sectional area available to the acyl chains, yielding
higher segmental order parameters and greater bending ri-
gidity versus phosphatidylcholine lipids, with implications
for proteolipid coupling mechanisms (7). Phosphoethanol-
amine lipids enable membrane integrity and may also under-
lie the different interactions of antimicrobial peptides with
gram-positive bacterial membranes versus eukaryotic mem-
branes containing cholesterol (117,118). Our findings
contribute to understanding the diversity of lipids in biolog-
ical membranes within the broader context of membrane
protein structure and activity, where elastic deformation
and softness of the bilayer have key roles (7,89). In lipid
mixtures, the properties of the components are summed to
modulate average membrane behavior by changing the
composition. An intriguing question is whether the asym-
metric lipid distribution in cellular membranes versus sym-
metric model bilayers affects membrane protein activity or
properties such as the bending rigidity. Establishing how
the lipid elastic deformation corresponds to the length
scales probed by various experimental methods remains
as an additional challenging topic of great biophysical
significance.
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