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A Carbon-13 Nuclear Magnetic Resonance Spectroscopic Study of
Inter-Proton Pair Order Parameters: A New Approach to Study
Order and Dynamics in Phospholipid Membrane Systems
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ABSTRACT We report a simple new nuclear magnetic resonance (NMR) spectroscopic method to investigate order and
dynamics in phospholipids in which inter-proton pair order parameters are derived by using high resolution '3*C cross-
polarization/magic angle spinning (CP/MAS) NMR combined with 'H dipolar echo preparation. The resulting two-dimensional
NMR spectra permit determination of the motionally averaged interpair second moment for protons attached to each resolved
3G site, from which the corresponding interpair order parameters can be deduced. A spin-lock mixing pulse before
cross-polarization enables the detection of spin diffusion amongst the different regions of the lipid molecules. The method
was applied to a variety of model membrane systems, including 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)/sterol
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/sterol model membranes. The results agree well with previ-
ous studies using specifically deuterium labeled or perdeuterated phospholipid molecules. It was also found that efficient spin
diffusion takes place within the phospholipid acyl chains, and between the glycerol backbone and choline headgroup of these
molecules. The experiment was also applied to biosynthetically '*C-labeled ergosterol incorporated into phosphatidylcholine
bilayers. These results indicate highly restricted motions of both the sterol nucleus and the aliphatic side chain, and efficient
spin exchange between these structurally dissimilar regions of the sterol molecule. Finally, studies were carried out in the
lamellar liquid crystalline (L) and inverted hexagonal (H,) phases of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE).
These results indicated that phosphatidylethanolamine lamellar phases are more ordered than the equivalent phases of
phosphatidylcholines. In the H,, (inverted hexagonal) phase, despite the increased translational freedom, there is highly
constrained packing of the lipid molecules, particularly in the acyl chain region.

INTRODUCTION

Solid-state NMR methods are among the most useful apheadgroups (Seelig, 1978) and lipid polymorphism (Cullis
proaches available for the study of molecular order anckt al., 1986; Cullis and De Kruijff, 1979).

dynamics of lipids and proteins in biological membranes The “order profile” of a membrane, or more specifically,
and model systems (Urbina and Oldfield, 1997; Cross andhe order profile of the hydrocarbon chain segments in a
Opella, 1994; Opella, 1994; Auger, 1995; Ramamoorthy emembrane, shows how order is a function of distance from
al., 1995). Among therfH-NMR spectroscopy (Oldfield et the polar headgroup, and has been investigated extensively
al., 1971a; Smith and Oldfield, 1984; Seelig, 1977; Davis by using®H-NMR of selectively labeled molecules (Smith
1983; Stohrer et al., 1991; Weisz et al., 1992) and the use aind Oldfield, 1984; Seelig, 1977; Davis, 1983; Urbina et al.,
cross-polarization combined with magic angle spinningl995; Seelig and Seelig, 1977; Seelig and Browning, 1978;
(CP/MAS) techniques (Pines et al., 1972; Pines et al., 1973Seelig and Waespe-Sarcevic, 1978; Rance et al., 1980;
Urbina and Waugh, 1974; Schaefer and Stejskal, 1976Baeziger et al., 1991; Gally et al., 1979). The segmental
which allow high resolution*C- and*H-NMR spectra of  order parametersS,, can be directly obtained from the
unperturbed natural and artificial membranes to be obtaineftequency separationA,) of the singularities of the
(Oldfield et al., 1987; Forbes et al., 1988a, b; Montez et al. experimental spectra of unoriented samples by using the
1993; Urbina et al., 1995), have produced detailed structurakelationship:

and dynamical information with atomic resolution. In addi-

tion, 31.P-NM.R has proven particularly useful in the study of Avy = Z(equ/h) ‘S )

the orientational and dynamic properties of phospholipid

whereAv, is the observed quadrupole splitting (the separa-
tion between the major singularities in tfe-NMR powder
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H interpair dipolar interactions with the
13C chemical shifts of the directly-at-
tached carbon atomsB) Pulse sequence
used to investigat&H spin mixing in the
rotating frame (ROESY, see Vega,
1988).
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ing”) to extract order profiles fronfH-NMR spectra of  which the corresponding C-H bond order parameters can be
perdeuterated molecules in both bilayer (Lafleur et al.directly calculated) from natural abundance high resolution
1989; Salmon et al., 1987) and hexagonal phases (Thut?C-NMR CP/MAS spectra of lipids. One of the most

mond et al., 1993), and assumes a monotonic decre&kg of
as a function of segment position. However, it has recently
been shown (Urbina et al., 1995) that smoothed order pro-
files may differ significantly from actual profiles obtained
with specifically?H labeled lipids, indicating that structural
conclusions drawn from smoothed profiles must be viewed
carefully.

As an alternative t6H labeling schemes, several methods
have been proposed to extract order profiles from natural
abundance, high resolutioffC spectra, using two-dimen-
sional variations of the CP/MAS experiment. Most of these
methods were inspired by the early work of Waugh and
co-workers (Hester et al., 1976) in which dipole-dipole
spectra of spins with different chemical shifts were sepa-
rated in a 2D experiment: the so-called separated local field
experiment. The original procedure was restricted to single
crystals and uniaxially oriented fibers, in which the limited
number of molecular orientations allowed some resolution
of the resonances in the chemical shift dimension, despite
the presence of large chemical shift anisotropies (CSA). For

In(INTENSITY)
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polycrystalline or amorphous materials, MAS is required tOFiGURE 2 Intensity of selected®C resonances from the lipid acyl
average out the CSA'’s, but the generally weak heteroehains in the dipolar-echo edited cross-polarization MAS NMR spectra of

nuclear dipolar information is then lost, since it is alsoDMPC, as a function of the square of the interval between the two
scaled by a factor 0P2 _ 1/2(300§0—1) wheref is the phase-shiftedr/2 *H pulses {,,, in Fig. 1). The intensities correspond to

angle between the spinner axis and the external magnet

—@—), C5-C11 methylene; (—), C3 methylene; and (-&—), C13
ethylene groups. Lines correspond to calculated linear regressions; the

field. RecenHY: several methods have b_een de_V9|0ped tRgression coefficients @ vary between 0.985 and 0.995. The cross-
selectively recover heteronuclear dipolar interactions (fronpolarization contact time was 10 ms.
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FIGURE 3 125.69 MHz 2D-NMR
spectra obtained with the sequence
presented in Fig. A of (A) DMPC;
(B) DMPClcholesterol= 7:3 (mol/
mol); and C) DMPC/ergosterol=
7:3 (mol/mol). All lipids were 50%
by weight in D,O. Temperature,
25°C. The cross-polarization contact
time was 10 ms.
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successful approaches, proton-detected local field spectrosestricted to materials such as membranes and liquid crys-
copy (PDLF, Nakai and Terao, 1992), has been performethals with fast molecular motions; Forbes et al., 1988hb),
in static samples consisting of small molecules magneticallyogether with rotor-synchronized pulses to reintroduce I-S
oriented in nematic liquid crystals and in polycrystalline interactions during the evolution period, followed by high
lipid samples. Frequency selection (Schmidt-Rohr et al.resolution detection under MAS and I-S decoupling.

1994), switched-angle sample spinning (Hong et al., 1995b; Here, we present a particularly simple 2D-NMR experi-
Nakai and Terao, 1992) or off magic-angle spinning duringment which permits the determination ioter-proton pair

the whole experiment, (Hong et al., 1995a) have been usearder parameters as well as spin diffusion from high reso-
to recover the magnitude and sign of the dipolar interacution 3C MAS NMR spectra of lipids (or other condensed
tions. Another experimental approach, dipolar recouplingsystems) having loosely coupled proton pairs, and we apply
on-axis with scaling and shape preservation (DROSS, Grogbis new approach to analyze lipid order and dynamics in a
et al., 1997), uses MAS to eliminate I-I interactions (this isvariety of lipid and lipid-sterol systems.
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Sample preparation
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TABLE 1 Motionally averaged interpair second moments,
Magnter.ay (X1079 s72) for DMPC and DMPC sterol systems at

25°C, in excess D,0

Dimyristoyl(1, 2—14:0)-phosphatidylcholine (DMPC), 1-palmitoyl(16:0)- DMPC/ DMPC/ DMPC/

2-oleoyl(18:1)-phosphatidylcholine (POPC), 2H,]-palmitoyl-2-oleoyl- Carbon Site DMPC  Cholesterol  Ergosterol Lanosterol
phosphatidylcholine (d-POPC) and 1,2,-dioleoyl-phosphatidylethano- =».chain 0.945 2.016 2.292 1.587
lamine (DOPE) were obtained from Avanti Polar Lipids (Alabaster, AL) c3-Chain 1.245 2.150 2.645 1.422
while cholesterol, ergosterol and lanosterol were obtained from Sigmass/c11-Chain 1.349 2.462 3.332 1.385
Chemical Company (St. Louis, MissourffC-labeled ergosterol was iso- ¢13 0.886 1.633 2.081 1.161
lated fromSaccharomyces cerevisigeown in YPB medium (Cushley and c14 0.800 1.385 1.349 0.638

Filipenko, 1976) in the presence of {¥C]-acetate (Cambridge Isotopes, - - - -
Andover, MA) and purified using silicic acid column chromatography and The motionally averaged interpair second moments were obtained from the

preparative thin-layer chromatography. The final product was recrystal-decays_ of the '”“?”S'“es of individual resonances as a funCt_'Oq 9f
lized twice from ethanol, in the dark at20°C. Lipids were dissolved in (Gaussian decays in all cases, Eq. 2), or from the widths of the slices in the
chloroform in the desired proportions and solvent eliminated under high2D spectra at eachC resonance frequency (Eq. 3).

vacuum for 12 h. The solid residues were resuspended@dd 50 weight

% solids, sealed in glass tubes, then subjected to 4—6 mixing and freeze/

thaw cycles to ensure homogeneity. RESULTS AND DISCUSSION
NMR background

NMR methods Thg response c_>f a rigid dipolar coupled spin system formed
by identical spins I= 1/2 to the pulse sequence/R), —

125.69 MHz cross-polarization “magic-angle” spinniti@-NMR spectra 1 — (71/2)4, is the well known “solid echo” described by the

were acquired on a *home-built” NMR spectrometer using an Oxford fnction (Powles and Strange, 1963; Oldfield et al., 1971b)1

Instruments 11.7 T 52-mm bore superconducting solenoid, under the

control of a Tecmag (Houston, TX) Aries pulse programmer, using theg(t’) = 1 — M,(t’ — 7—)2/2! + M,(t' — 7—)4/4! + |\/|4£t’21—2

MacNMR 5.5 software package (Tecmag) run on an Apple PowerMac (4)

7100/80 computer. Typicat/2 pulse lengths for bottH and**C were 6.5

us using a Doty Scientific (Columbia, SC) 5 mm MAS NMR probe and the where M,, M, are the second, fourth moments of the ab-

MAS rate was controlled at 300f) 2 Hz via a Doty Scientific spin-speed SOI’ptiOI’] spectrum and M is a fourth moment-like error
controller. Ramped-amplitude cross-polarization (where the carbpn Hterm

field strength was varied linearly during CP while the proton amplitude : . .
was kept constant (Le Guernesad Auger, 1995; Metz et al., 1994) was However, it has been shown both theoretlca”y and ex-

used to facilitate efficient cross-polarization in the different segments ofP€fimentally (Boden and Mortimer, 1973; Boden et al.,
the lipid molecules. For the 2D-spectra, 322048 complex data points 1974; Janes et al., 1990; Boden et al., 1975) that for a
were acquired with the inter/2 pulse separatiort,(, in Fig. 1 A) incre-  system ofloosely coupledpin 1/2 pairs, that is a system in
mented in steps of 4s with 256 scans if the F1 dimension. The spectra which the intra-pair dipolar interaction is assumed to be

were zero filled once in the first dimension and twice in the second..q\iqaraply larger than its inter-pair counterpart, the re-
Exponential multiplication (5 Hz) in the first dimension and Gaussian

broadening (100 Hz) in the second were applied before 2D-Fourier trans-
formation using the Tecmag MacNMR 5.5 sofware package. For the
499.80 MHz'H ROESY (Vega, 1998) NMR experiments 256x2048 com- 04— 7T T T T T T
plex data points were acquired with the evolution tintg Fig. 1 B)
incremented in steps of 10@s, a dwell time of 10Qus duringt, and 32
scans in the F1 dimension. The spectra were zero filled twice in the second
dimension and exponential multiplication (5 Hz) in both the first and
second dimension was applied before 2D-Fourier transformation using
Tecmag MacNMR 5.5. Temperatures were controlled to withih°C
using an Omega temperature controller.

The motionally averaged interpair second momentsg M .,y were
obtained from the decay of the intensities of individual resonances as a
function oft, (Gaussian decays in all cases):

Sch(inter)

0.35 b

0.25- = = = =

ORDER PARAMETER,

M 2(inter,av) — 8/(T2e)2 (2)

12 3 45 6 7 8 910111213 14
SEGMENT POSITION, n

0.15
whereT,, is the Gaussian decay time, or from the widths of the slices in the
2D spectrum at each’C resonance frequency:

(3) FIGURE 4 Inter-proton pair order parameters for DMPC —),
DMPC/CHOL (—®—), DMPC/ERG (—A—), and DMPC/LAN (—ll—)
systems as a function of the segment position in the acyl chains. The order

whereAv,,, is the half-width at half-height of the Gaussian line. parameters were calculated from the values of;M, ., using Eq. 6.

202.165 MHZ*P NMR spectra were acquired on the same spectrometePositions 5-11 were not resolved and a common value was assigned.
described above using Hahn's echo sequence, without proton decouplinglowever, the lineshape in thél dimension for those segments could be

Typical #/2 pulse lengths were 5/5s and the interpulse delay was p8. fitted very well by using a single Gaussian functior? (R 0.99).

M 2(inter,av) = Z(A V1/2)2/|n2



1376 Biophysical Journal Volume 75 September 1998

10000
1H - TH interpair
coupling (Hz)

FIGURE 5 125.69 MHz 2D-NMR
spectra obtained with the sequence ”
presented in Fig. A of (A) POPC; 30000
(B) POPC/cholestero= 7:3 (mol/ = ‘ il i /20000
mol); and C) POPClergosterck 7:3 | ‘ ;

(mol/mol). All lipids were 50% by
weight in D,O. Temperature, 25°C.
The cross-polarization contact time
was 10 ms.
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sponse is also an echo #t= 7, but whose decay as a /2 pulses for a total period t= 27 (Fig. 1 A). At the *H
function of the interpulse separation,can be described for dipolar echo maximum, ramped CP contact is established to
at least 50% of the magnetization decay, by the function: transfer magnetization to directly coupl&C nuclei, which
are then detected with high resolution, under MAS and with
E(1) = 1 = Magneeraf 12 ©) proton decoupling. By systematically varyimga 2D NMR
where Myner.av)iS the contribution to the second moment spectrum is obtained which correlates the chemical shift of
from the inter-pair dipolar interactions averaged over dif-the different**C sites with the inter-proton pair dipolar
ferent membrane orientations and by fast (on the NMR timespectrum of the directly attached protons. A spin-lock pulse
scale) molecular motions, as discussed extensively in thprevious to CP allows longitudinal proton spin exchange in
work of Boden and colleagues. the rotating frame, from which spin diffusion effects can be
In our experiment (Urbina et al., 1995) protons are al-diagnosed. The inter-pair order parametfigin.r can be
lowed to evolve under the influence of two phase-shiftedcalculated from the relationship (Janes et al., 1990; Boden et
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al., 1975): TABLE 2 Motionally averaged interpair second moments,
Magnter.ay (X1079 s72) for POPC and POPC/sterol systems at

25°C in excess D,0
M zinter.ay = ﬁh(inter) * Mainten (6) 2
POPC/ POPC/ POPC/
where Nb(imer) is the inter-pair second moment for a satu- Carbon Site POPC Cholesterol  Ergosterol  Lanosterol
rated, alltranshydrocarbon chain, 5.% 10°s 2 (Bloom et~ Glycerol C2 0.488 0.816 0.726 0.520
al., 1978) Choline Ca 0.150 0.473 0.112 0.189
" : . . Choline C8 0.139 0.433 0.127 0.175
Thg prfesent experlment is conceptually cl_osely related &} oiine Coy 0.128 0.452 0.895 0.700
2D-wideline separation (WISE) NMR (Schmidt-Rohr et al., chain c2 0.886 1.161 1.190 0.988
1992) proposed by Spiess and co-workers. However, in thehain c3 1.107 1.422 1.250 1.282
latter method the totalH dipolar spectrum is obtained for Chain C-5/C13 ~ 1.161 1.349 1219 1161
each carbon site. There, although valuable qualitative inforgﬂa!“ gig 8-2‘132 é-g;g g-ggg 8-?22
. . . . . ain . . . .
mation has been obtained in a variety of polymer (SChm'dt'chain C16 0.886 0.784 0.754 0.886

Rohr et al., 1992) and lipid membrane (Hong et al., 1995a) . _ . .
systems, no detailed quantitative analysis is possible. In th&h® motionally averaged interpair second moments were obtained from the
. . . ecays of the intensities of individual resonances as a functioty of
new experlment,. the dipolar echo selection befor.e CF? Con(Gaussian decays in all cases, Eqg. 2), or from the widths of the slices in the
tact allows one, in the case of loosely coupled spin pairs, t@p spectra at eacC resonance frequency (Eq. 3).
obtain only the inter-proton pair dipolar spectrum (Boden
and Mortimer, 1973; Boden et al., 1974; Janes et al., 1990;
Boden et al., 1975) from which quantitative order parametefunction of the methylene segment position (identified by its
information can be obtained via Eq. 6. chemical shift; Forbes et al., 1988a) in Fig. 4. The inter-
proton pair order parameters are to be distinguished from
their intra-pair analogs (which provide information equiva-
lent to that obtained from quadrupolar splittingSi-NMR
or the C-H dipolar splittings in PDLF or DROSS spectra),
The assumption of “loosely coupled” proton spin pairs isbecause the inter-pair values are influenced by both whole
expected to apply to the polymethylene chains and headshain flexing and twisting motions, as well as by local
groups of phospholipid bilayer membranes, particularly inmotions of the methylene segment during the NMR time
their liquid crystalline phases, since the rapid flexing andscale (Boden et al., 1975). They do, however, provide
twisting of these parts of the lipid molecules will reduce thedetailed information on the type and degree of motion of the
interpair dipolar interactions, compared with their intrapairdifferent parts of the phospholipid molecules, as shown in
counterparts. Experimental evidence in favor of this asFig. 4. These “order profiles” are in good qualitative agree-
sumption is provided by the Gaussian decay of the  ment with those obtained from (intra-pair) order parameters
dipolar echoes as a function of the interpulse separation, derived from?H-NMR of specifically labeled DMPC mol-
in phosphatidyl-choline and cardiolipin membranes in ex-
cess water (Janes et al., 1990), as well as that of-iie
resonance intensities of the lipid chains in dipolar-echo
edited cross-polarization spectra of all the lipid systems
studied in this work (Fig. 2; see also Montez et al., 1993;
Urbina et al., 1995). As can be seen in Fig. 2, the decay of
the'H dipolar echo for proton spin pairs directly attached to
13C sites of the acyl chains in DMPC can be fitted very well
to Gaussian functions farvalues of at least 6Q.sec, which
for the C5-C11 methylene groups corresponds-80% of
the echo decay. Similar behavior has been observed for all
other lipid phases studied, both lamellar and hexagonal
(data not shown).

We show in Fig. 3 the 2D-NMR spectra of DMP@®)(
DMPC/cholesterol B), and DMPC/ergosterolQ) obtained 0.16
with the pulse sequence shown in FigA1The motionally
averaged inter-pair second moments,(idter, av) were
obtained from the widths of the slices of the 2D spectra (EQFIGURE 6 Inter-proton pair order parameters for POPCCO—),
3), as well as from plots of the intensities of the individual POPC/CHOL (-@—), POPC/ERG (-A—), and POPC/LAN (-—)

13C resonances of the 1D spectra as a function of théystems as a function of the segment position in the acyl chalns. The order
interpulse separation (Fig. 2) using Eq. 2. Typical results ar‘garameters were calculated from the values of, M, .. Uusing Eq. 6.
P P 9. 9EQ. 2. 1yp _Positions 5-13 were not resolved and a common value was assigned.

shown in Table 1, and the corresponding inter-proton paifowever, the lineshape in thél dimension for those segments could be
order parameters, calculated using Eq. 6, are plotted as fited very well by a single Gaussian function{& 0.99).

Phospholipid/sterol systems

0.26 T T T T T T T T© T LI S B | T

024 1

Sch(inter)

0.221 1

0.20 b

0.18 T

ORDER PARAMETER,

12345678 910111213141516
SEGMENT POSITION, n
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TABLE 3 Motionally averaged interpair second moments,
Magnter.ay (X107° s72) for POPC/Cholesterol with and without A
a 10-ms spin-mixing pulse, at 25°C, in excess D,0

— Spin + Spin
Carbon Site Mixing Mixing
Glycerol C2 0.975 0.511
Choline C« 0.515 0.345
Choline C8 0.506 0.333
Choline Cy 0.605 0.676
Chain C2 1.121 1.036 B
Chain C3 1.354 1.127
Chain C-5/C13 1.329 1.115
Chain C14 1.326 1114
Chain C15 1.147 0.932
Chain C16 1.130 0.858

The motionally averaged interpair second moments were obtained from the
decay of the intensities of individual resonances as a function, of C
(Gaussian decays in all cases, Eq. 2), or from the width of the slices in the
2D spectra at eack’C resonance frequency (Eq. 3).

ecules (Seelig, 1977; Urbina et al., 1995), including the
anomalous value of the order parameters for positions 2 an¢
3 of the acyl chains, due to the different geometrical ar-|,
rangement of these segments for the sn-2 chain, the hig
value of the order parameter for segments C5-C11 (which;)é;.'
corresponds to the “plateau” region observed usihg o
NMR) and the rapid decrease of order toward the ends of
the chains, located at the center of the bilayer. The relative
ordering effects were ergosteratholesteral>lanosterol.

KR

. . LT “ ppm
These results also agree well with previous studies on thesg&-g¥ W N X ol g _—3‘0
systems using bott°C- and *H-T,, and **C-'H cross- L e oL T670 TPl _W"..‘t"j‘:f -

. . . PR (L oo g ol M . . -
polarization methods (Urbina et al., 1995). At WA AR i

The 2D spectra for POPC/sterols are shown in Fig. 5 and| .
the corresponding results for Jfhieravy @Nd Sin(inter) are o
presented in Table 2 and Fig. 6, respectively. It can be seen. -
in this system that while the shape of the order profile is ﬁ,, i
similar to that observed for DMPC (Fig. 4), the values of the = 'ﬂl‘"“.‘ A REBEEEE = e "I
inter-pair order parameters are significantly lower than for  ggq 4.0 3.0 20 1.0 0.0
the saturated system, and the differences between the indi- ppm

vidual sterols are less pronounced. These results are again in .
d litative agreement with the limited data availabl FIGURE 7 Bottom:499.80 MHz'H ROESY spectra of POPC/CHOE
good qualrtativ g Wi imi val €3 (mol/mol) acquired with the pulse sequence shown in Fgwith 10

for specifically labeled unsaturated fatty acid chains inms spin mixing. &) Regular 1D*H-NMR spectrum; B) and C) cross-
model (Seelig and Seelig, 1977; Seelig and Browninggections at 1.8—2.2 ppm (proton attached to C2 methylene gropus) and 4.6

1978; Seelig and Waespe-Sarcevic, 1978; Baeziger et appm (water protons), respectively. For 1 ms mixing (not shown) no
- . . crosspeaks for the C2 protons were observed while for water the crosspeak
1991) and biological (Rance et al., 1980; Gally et al., 1979}ntensities were sharply reduced. Lipid was 50% by weight yOD

membrane systems. It can also be noted from Tables 1 an@mperature, 25°C. Other experimental details are given in Materials and
2 and Figs. 5 and 6 that in the unsaturated phospholipit/ethods.

membranes the ordering effectiveness of cholesterol and

ergosterol araeversedwhen compared with the DMPC/

sterol systems, being cholesterol ergosterol>=> lano-  conclusions of previous studies usiftd-NMR and ESR of
sterol. Again, this observation agrees with the results okpin labeled lipids, which concluded that ergosterol and
previous °H-NMR studies with perdeuterated molecules |anosterol were much less effective than cholesterol in or-
(Urbina et al., 1995), where it was argued that the relativelydering natural and artificial phospholipid membranes hav-
bulky and rigid side chain of ergosterol (see below) maying unsaturated acyl chains (Yeagle, 1985; Huang et al.,
limit the capacity of this molecule to order the unsaturatedl991; Urbina et al., 1995; Semer and Gerelinter, 1979;
phospholipid acyl chains. These results also support th&rbina et al., 1988).

jg __4.0

K=
T
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We show in Table 3 the results for M ay) for the  and between the chains and the headgroups in phospholipid
POPC/cholesterol system obtained from 2D-NMR spectrdiquid crystalline membranes has been suggested previously
with and without the spin mixing step (a 10 ms proton spinbased ort*C-detectedH T,, measurements (Urbina et al.,
lock, see Fig. 1). It can be seen that in the presence of th£995). These results demonstrated thdtrotating-frame
mixing pulse the apparent values of,Mr av) @long the  relaxation rates in the different regions of these molecules
acyl chains fall to the values corresponding to the morevere indistinguishable, despite large motional differences
mobile methylene segments in the absence of mixing, indidetected by'H-'*C cross-polarization rates andC-T,,
cating the presence of spin diffusion within the polymeth-measurements. Similar conclusions have recently been
ylene chain. These results also suggest spin exchange beached usingH MAS NOESY NMR (Chen and Stark,
tween the glycerol backbone and the choline headgroupl996) and heteronuclear correlation spectroscopy (Hong et
Similar results were obtained in all lipid systems investi-al., 1996), and related effects have also been reported in
gated. Spin diffusion along the polymethylene chain wasWISE NMR spectra of polymers.
verified by ROESY experiments (Vega, 1988), carried out The 2D experiment was also used to investigate directly
under conditions identical to those used in our 2D experithe motions of the sterol molecules in the membrane. Fig. 8
ment. Fig. 7 shows that a spin lock pulse of 10 ms allowedpresents the 2D-NMR spectrum for biosyntheticaftg-
efficient spin mixing between protons attached to the C2abeled ergosterol (65% labeled at positions 2, 4, 6, 8, 10,
segments of the acyl chains and those of the rest of thé&l, 12, 14, 16, 20, 23, and 25) incorporated@f;]-POPC
methylene and methyl groups, as well as with the choling3:7 = mol/mol ratio). The values of Minter, av) for the
headgroup protons. Strong spin mixing was also observegyrotons attached to the labeled carbon atoms (indicated in
as expected, between water and protons of the C2 segmepdrentheses in Fig. 7) map out the type and extent of motion
and the choline headgroup, indicating efficient hydration ofof the different parts of the molecule. It can be seen that the
the carbonyl groups vicinal to C2. When the experiment wasnotion of the steroid nucleusnd the aliphatic side chain
repeated with a spin lock pulse of 1 ms (not shown) noare highly restricted, a result consistent with those of pre-
crosspeaks for the C2 protons were observed, while fovious?H-NMR studies of cholesterol specifically deuterated
water the crosspeak intensities were sharply reduced. Spat both the steroid ring and side chain (Dufourc et al., 1984).
diffusion among the protons of the phospholipid acyl chainsExperiments in which the spin mixing step is varied indicate

C25(1.33)

C20(1.46) C2(1.25)

Ca(1.27) /016(0.52)
C23(1.07)  ©6(1.62) | \

TH - TH interpair
coupling (Hz)

0000

120 100 80 60 40 20 -0

13C Chemical Shift (ppm)

FIGURE 8 125.69 MHz 1D-°C-, and 2D-NMR spectra obtained with the sequence presented in Figofl[2,4,6,8,10,11,12,14,16,20,23,25-
13c, ,)-ergosterol/d;-POPC (3:7 mol ratio), 50% by weight in,D. Selected resonance peaks from labéfé@i nuclei are indicated and the values of
M pinteravy (X 107° s7?) are given in parentheses. Temperature, 25°C. The cross-polarization contact time was 10 ms.
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TH - TH interpair
coupling (Hz)

1H - TH interpair
coupling (Hz)

140 120 100 80 60 40 20 -0

13C Chemical Shift (ppm)

FIGURE 9 125.69 MHz 2D-NMR spectra obtained with the sequence presented inAiaf. (&) DOPE at 25°C (hexagonal,tHphase), andg) DOPE
at 4°C (lamellar I, phase). Lipids were 50% by weight in,0. The cross-polarization contact time was 10 msApgnd 2 ms in B).

strong spin exchange amongst the protons inside the stertdie idea that membrane sterol molecules, including ergos-
nucleus, as well as between the ring and the side chain (datarol with its unsaturated side chain, should be viewed as
not shown). Taken together, these results strongly supportgid structures all along their molecular lengths.
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Comparison of order and dynamics in lamellar presence of the\-9,10 double bond in both chains. Al-
and hexagonal lipid phases though there are very limited data on PE'’s specifically
deuterated in the acyl chains (Thurmond et al., 1991; Blume
et al., 1982; Marsh et al., 1983), these results clearly indi-
cate that the value and length of the order parameter plateau

The ability of several biological lipids to form non-lamellar
phases under close to physiological conditions when iso

lated (lipid polymorphism) has attract_ed much interest (Ti_l'in dimyristoyl-snphosphatidyl-ethanolamine (DMPE) are
coc(:jkb19§6, %rulnge;get EI" 1985’”?“”['5 etal., 1986;.bclu"f'ssignificantly higher than the corresponding values in DMPC
and Le Rruit, ) ecause the Torces responsibie 10 the same reduced temperature, a result which agrees with
the;g phenomena seem to be important .for the structure a olecular dynamics simulations on dilaur@y-phosphati-
activity of many membrane-bound proteins (Navarro et al.‘d l-ethanolamine (Damodaran et al., 1992). Thus, our re-
1984; Jensen and Schutzbach, 1989; Bogdanov an : B '

’ ' ' I h th PE h th f
Dowhan, 1995; Bogdanov et al., 1996). Among the lipids s with the unsaturated agree with the notion of a

. o . . . tighter molecular packing in PE lamellar phases, most prob-
which exhibit such polymorphic behavior, phOSphat'dyleth'lably due to the reduced repulsive forces between the sr&aller

anolamine is of particular interest because it is the secon hosphoethanolamine headgroups, consistent with the
most abundant phospholipid in eukaryotic cells, and by fahigher Ls to L, transition temperatures for phosphatidyleth-

the single most abundant lipid species in bacterial MeManolamines when compared with phosphatidylcholines. Go-

brar?es. Although several groups have compared lipid ord%g to the hexagonal phase, we observed a similar shape in
profiles between lamellar and hexagonaj Jighases (Thur- the order profile butessthan the expected reduction (1:4,

mond et al., 1993; Lafleur et al., 1990; Eriksson et al"see Eq. 6) in the values of Myeray dUe to geometric

“1991)’ the)’/, have used perdeuterated acyl chain; and £/eraging introduced in the hexagonal phase (Thurmond et
smoothing” procedure that may not always provide anal., 1993; Lafleur et al., 1990). This indicates a more con-

accurate estimate of actual profiles (Urbina et al., 1995). W& ained packing for the di-unsaturated phospholipid mole-

'(tjhelr efo:e stl:]dledhtht% c:rdtehr prolflle§ of E)hgpl:g'd cr?alhns Ncules in the high temperature (lamellar) phase, particularly
ioleoyl-srphosphatidyl-ethanolamine ( ), which un- in the acyl chain region, an effect which is not observed in

Qergoes alamellar to hexagonal,,()—phase transition at 809 he3'P-NMR data, or solely intra-pair couplings. This find-
in excess water (Epand, 1985). Lipid phases were verifie g supports the idea that a key element in the formation of

. 31 . .
l{;lgg T';'NMR’ dwht|cr|1 S?gg’; d the ex;lz)gctgd (Cul(;ls et SI"the inverted hexagonal phases is the presence of strong
» Ihurmond et al., ) reversal in sign and a re UCTateral and/or curvature stress in lipid species with such

t|op by a factor of—¥2 of the aX|'aIIy symmetric chemical polymorphic behavior (Tilcock, 1986; Gruner et al., 1985;
shift anisotropy pattern when going from the lamellar to the

reverse hexagonal phase. Fig. 9 shows the 2D-NMR spectr-glhurmond etal,, 1993).
obtained with the pulse sequence of Fig. 1 in unlabeled

DOPE at 4°C (lamellar, }.phase) and 25°C (hexagonal, H

phase), and Table 4 gives the values of;M, ., for ~CONCLUSIONS

different protons attached to carbon sites in the acyl chain

and headgro.ups in the ‘W.O phase_s. It can be seen that, Wheﬁb 2D-NMR method to obtain detailed information on
Ic:om{:)hare;j tvr\]”th p:h:)sphatldyl-chfolmfhs (Tablleshl gnd .2)'t;h%rder and dynamics in systems containing loosely coupled
ength of the piateau region for the acyl chains In ey g, spin pairs, such as lipid bilayers and other liquid
lamellar phase of DOPE are significantly longer, despite th rystals, and potentially in mobile polymers. The results are
comparable to those obtained with more complex pulse
TABLE 4 Motionall d interpai p : sequences, or through the use of expensive and time-con-
Mo (x1%12":_2‘; o DOPE ot i';%a'([si‘;“;"se)";‘:‘?zgoz suming specific isotopic labeling methods. The experiment
(qu(",',tf{:s";), in excess D,0 “ confirms and extends the results of previous studies in these
systems usingH dipolar echo decay spectroscopy (Janes et

We have presented a simple and robust natural abundance

Carbon Sit 4°C 25°C : . \

aron > al., 1990) but provides increased spectral resolution, asso-
G'%CE“T"C_Z 0.361 0256 ciated with the highe*C chemical shift dispersion. Our
a;zocazm'ne G 064g§1 063§Z2 results show that the ordering effects of sterols in mem-
Chain C3 0.852 0662 branes, as evidenced from the inter-proton pair order pa-
Chain C4-C7 0.909 0.708 rameters, depend both on the sterol structure as well as on
Chain C9, C10 0.825 0.604 the type of acyl chains esterified to the phospholipid, being
C:a!” C12-C15 0.922 0.723  ergosterol> cholesterol for saturated phosphatidylcholines
ghz:z gig g'ggg 8'228 but the reverse for the unsaturated lipid, POPC. They also
Chain C18 0.640 0es0 demonstrate effective spin diffusion within the acyl chains,

and between the glycerol backbone and the choline head-

The motionally averaged interpair second moments were obtained from the f oh holipids. W | t the first i |
decay of the intensities of individual resonances as a function, of group of phospholipids. Ve aiso repor € first motiona

(Gaussian decays in all cases, Eq. 2), or from the width of the slices in thélata on ergosterol in liquid crystalline phospholipid mem-
2D spectra at eactfC resonance frequency (Eq. 3). branes. The results here indicate that motion of both the
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sterol nucleus and the alkenyl side chain are highly re€pand, R. N. 1985. High sensitivity differential scanning calorimetry of the

; ; ; ; ; bilayer to hexagonal phase transition of phosphatidylethanolamines.
stricted. Finally, we have obtained evidence which supports Chem. Phys, Lipid86:387-393.

the notion that phosphatldylethanolamlne lamellar phasegriksson, P.-O., L. Rilfors, A. Wieslander, G. Lundberg, and G. Lindblom.
are more ordered than the equivalent phases of phosphati-1991. order and dynamics of mixtures of membrane glucolipids from
dylcholines, and that in hexagonal phases, despite the in-Acholeplasma laidlawiistudied by ?H-NMR. Biochemistry 30:
creased translational freedom of the lipid molecules, there is 4916-4924.

; ; ; ; ; ; Forbes, J., J. Bowers, L. Moran, X. Shan, E. Oldfield, and M. A.
hlghly constrained packlng in the acyl chain region. Moscarello. 1988a. Some new developments in solid-state nuclear mag-

netic resonance spectroscopic studies of lipids and biological mem-

. . . ) branes, including the effects of cholesterol in model and natural systems.
This work was supported by the United States Public Health Service j chem. Soc. Faraday TransactioB4:3821-3849.
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