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H and *C NMR of Multilamellar Dispersions of
Polyunsaturated (22:6) Phospholipids

Sarah Everts and James H. Davis
Department of Physics, University of Guelph, Guelph, Ontario N1G 2W1, Canada

ABSTRACT The polyunsaturated fatty acid docosahexaenoic acid (DHA) makes up ~50% of the lipid chains in the retinal
rod outer segment disk membranes and a large fraction of the lipid chains in the membranes of neuronal tissues. There is an
extensive literature concerned with the dietary requirements for essential fatty acids and the importance of DHA to human
health, but relatively little research has been done on the physical properties of this important molecule. Using 'H and '3C
MAS NMR measurements of dispersions of 1-palmitoyl-2-docosahexaenoyl-phosphatidylcholine in excess phosphate buffer,
we have unambiguously assigned most of the resonances in both the "H and "*C NMR spectra. We were able to use
cross-polarization spectroscopy to follow the transfer of polarization from specific "H nuclei not only to their directly bonded
3C but also to those '°C that are in close proximity, even though they are not directly bonded. Cross-peaks in two-
dimensional cross-polarization spectra revealed a close association between the choline headgroup and at least part of the
DHA chain but not with the palmitate chain. Finally, we examined the dynamics of the different parts of this lipid molecule,
using rotating frame spin-lattice relaxation measurements, and found that methylene groups of both chains experience
important motions with correlation times in the 10-us range, with those for the palmitate chain being ~50% longer than those
of the DHA chain. The choline headgroup and the chain terminal groups have significantly shorter correlation times, and that
part of the dipolar interaction that is fluctuating at these correlation times is significantly smaller for these groups than it is for
the palmitate and DHA chain methylenes.

INTRODUCTION

Extensive dietary studies have detailed the critical impor+eadily permits the expansion of rhodopsin during this tran-
tance of the polyunsaturated fatty acid docosahexaenoisition (Litman and Mitchell, 1996; Mitchell et al., 1998). A
acid or DHA (C22:6n-3) to health (Birch et al., 1992; similar conclusion had been reached earlier as a result of
Salem, 1989). This fatty acid makes uf50% of the lipid  flash photolysis experiments on rhodopsin in disk mem-
chains in the retinal rod outer segment disk membranes, arisranes compared to a series of different phosphatidylcholine
a similar fraction is found in neuronal tissue membranegeconstituted membranes (Brown, 1994; Wiedemann et al.,
(Stinson et al., 1991). There is an extensive literature con1988), where it was concluded that the polyunsaturated
cerned with the dietary requirements of essential fatty acidenembranes adapt more readily to the configurational
for the synthesis of DHA, but surprisingly little research haschanges of rhodopsin at the MI-to-Mll transition.
been done on the physical properties of this important Molecular mechanics computer modeling studies of DHA
molecule. More specifically, little is known about its precise have been interpreted as suggesting a more rigid and or-
function in the membrane or about the properties of DHAdered character for the polyunsaturated DHA chain (Apple-
that make it indispensable (Mitchell et al., 1998). gate and Glomset, 1986, 1991a,b). On the other hand, Ra-
There has been renewed interest in DHA in recent yearsyinovitch and Ripatti (1991) argue that a polyunsaturated
particularly with regard to its role in the function of rho- chain having double-bonded carbons separated by a single
dopsin in the rod outer segment disk membrane (Brownmethylene group, the motif found in DHA, have “maximum
1994). Absorbance measurements have shown that the rhgaxiility” and are minimally sensitive to temperature. Both
dopsin photointermediate MI-to-MIl conversion equilib- st gies find a highly compact minimum energy state for the
rium constant is dramatically reduced in dimyristoylphos-chain however. By comparing x-ray afd NMR measure-
phatidylcholine (DMPC) bilayers relative to its value in @& ments of lipid bilayer area compressibility, Koenig et al.

mixed-chain phospholipid (1-palmitoyl,2-DHA-phosphati- (1997) were able to extract separately the compressibilities
dylcholine or PDPC) bilayer (Litman and Mitchell, 1996). ¢ ihe two acyl chains for DMPC, 1-steroyl,2-oleoyl-PC

This has been interpreted as evidence for increased later OPC) and 1-steroyl,2-DHA-PC (SDPC), and deduced that
compressibility and increased conformational freedom o he DHA chain had ’the lowest compre:s,sibility modulus

the DHA chains relative to saturated chains, which more(i e., it was the most easily compressed) of the chains

studied. The conclusion reached was that membranes con-
taining large concentrations of lipids having DHA chains
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tively rigid structure near the double bonds, whereas théave a significantly different chemical shift. Th&C NMR
work of Dratz and Holte (1992) on DHA was felt to suggest spectrum then indicates that these two configurations very
a more flexible chain structure. This view has been supiikely have low occupation probabilities. Using cross-polar-
ported by more recerfH NMR work (Holte et al., 1995, ization spectroscopy, we examine the chain configuration
1996). and find an association between parts of the DHA chain and
Another potential role for DHA is the promotion of the phospholipid headgroup thatis not present for the palmi-
domain formation in membranes containing significant contate chain. Finally, measurements of the spin-lattice relax-
centrations of cholesterol (Mitchell and Litman, 1998; Hus-ation rates of the differentH resonances show that the
ter et al., 1998). Fluorescence lifetime and differential po-palmitate chains are richer in low-frequency motion than the
larization measurements revealed that the ordering effecHHA chains.
described in terms of the orientational distribution function
of diphenylhexatriene (DPH), of 30 mol% cholesterol on
DPH was dramatically reduced in bilayers containing di-MATERIALS AND METHODS
D_HA-PC compared to_aII other PC lipids (Mitchell and_ Sample preparation
Litman, 1998). Comparing the shapes of these angular dis-
tribution functions for bilayers with or without 30 mol% 1-Palmitoyl-2-docosahexaenagitglycero-3 phosphocholine (PDPC) was
cholesterol reveals that DHA chains reduce, and that diPurchased from Sigma Chemical Co. (St. Louis, MO). The NMR samples
DHA-PC almost completely eliminates, the influence of were prepar?d by dissolving the dried lipid into a phosphate Huffer
. T . (pH 7) at a 4:3 lipid/buffer ratio. The samples were mixed in a glass vial,
cholesterol on DPH ordering. This is interpreted in terms 0fusing a slender stainless steel stirring rod, and then transferred to a 7-mm
a microdomain model where, for a mixture of di-DHA lipids zirconium rotor (Doty Science, Columbia, SC). The hydrated lipid sample
and mixed-chain lipid (such as SDPC), the saturated chain4as then centrifuged for less than a minute, and the rotor brim was wiped
associate with each other and with cholesterol in microdoglean. Teflon tape was stretched along the long aurum end caps to ensure
. . . .. that they remained fixed when inserted into the rotor. The entire sample
mal_ns, leaving the domains containing the unsaturat?d—lreparation was performed in a glove bag evacuated withas to prevent
chains largely unaffected by cholesterol. What happens witRxidation of the DHA chains. Only during centrifugation was the sample
di-DHA-PC/cholesterol bilayers does not seem to be exexposed to air. The total weight of the sample used for the 1D apd T

p|ained by the modeL however. In view of the small effectsexperiments was 140 mg (80 mg of dry lipid), and the total weight of the
observed, it is possible that the cholesterol is not We”sample used for the 2D experiments was 375 mg (215 mg of dry lipid).
dispersed within the bilayers. NMR studies of the effect of
cholesterol on the hydrocarbon chain order of phospholipich .

. . . uclear magnetic resonance methods
mixtures of PC, phosphatidylethanolamine (PE), and phos- 9
pha_tidy|serine (PS) ha\/ing either (18;0,18;1) or (18;0,22;6)AII NMR spectra were obtained with a home-built spectrometer operating

chains have shown that 10 mol% cholesterol increases thHd a'H Larmor frequency of 360 MHz (equivalent to a static magnetic field
. . f 8.5 T). The magic angle spinning (MAS) probe was built using a 7-mm
—189
order of all chains by 5-18%, dependlng on headgrouD an@pinning assembly, stator plus housing, from Doty Science. The MAS rate

chain unsaturation (Huster et al., 1998). The largest effeGas 2.2 kHz for all experiments described here. f@nd3C 90° pulse
observed was for (18:0,18:1)PE, and the smallest was faengths were both nominally @s, except that reduced power was used for
(18:0,22:6)PS. At 25 mol% cholesterol they found that thethe *H T,, experiments, so théH 90° pulses were 9.@is. Experiments

increase in hydrocarbon chain ordering of the (18:0’22:64nc0rp0rating a Hahn echo used a reduced power with a length ofpd9.0

A or the*3C 180° pulse. WhefH decoupling was used the r.f. field strength
0 0
chain |Ip|dS ranged from 25% for PC and 19% for PE to was 22.3 kHz. Generally, 2048 complex data points were acquired by using

15% for PS. These results suggest a preferential associatiQfel times of 50us for :*C and 100us for *H spectra. CYCLOPS phase

of cholesterol with PC and a stronger effect of cholesterokycling was used in all experiments. Spectra were processed using FELIX
for (18:0,18:1) lipids than for (18:0,22:6) lipids. The direct 97 (MSI, San Diego, CA).

influence of cholesterol on the DHA chains cannot be The 1D cross-polarization (CP) spectroscopy sequence is initiated with
deduced from these measurements. however. because tjta400—ms—long low-powered pulse (with an amplitude of less than 1 kHz)

! - ! %aturate a specific resonance in the proton dimensidii 80° pulse is

order parameters refer only to the 18:0 chains. NonetheleSgen followed by a spin-locking pulse on the protons and a Hartmann-Hahn
the presence of 10 or 25 mol% cholesterol still has a strongolarization transfer to the carbons (Figa)l Detection occurs in the
influence on lipid chain order in all cases, but there is cleacarbon dimension in the presence of strong proton decoupling. In a one-
evidence for preferential interaction with PC. dimensional saturation experiment, a sindl¢ peak, for example, that

13 . associated with the double-bonded carbons on the DHA chain, is selec-
We present here & and™*C NMR StUdy of b|Iayers of tively saturated and then CP is performed. Saturating a s&leqieak

1-palmitoyl,2-DHA-PC (PDPC) in excess phosphate bufferprevents it from enhancing the signal of local carbon nuclei, because it has
Ab initio calculations of the different conformations of no polarization to transfer. By taking the difference between saturation and
1,4-pentadiene, which is used to model the local configunormal CP experiments, one observes only the magnitude of polarization
ration of DHA near the methylene groups, are presemeotlransfer from the saturatéi nucleus to the neighboring carbons. In the

. ey difference experiments, as the contact time is increased, the “volume of
They show that the methylene groEﬁ’.C chemical shift is influence” of the selected proton increases. This not only increases the

essentially the same for four of the six minimum energyintensity of the existingC peaks but also brings peaks from more distant
configurations of the torsion angles, whereas the other twé*C nuclei into the spectrum. Measuring individual peak areas in the
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The proton saturation experiments were generalized to a 2D experiment

@) in which spectra exhibited cross-peaks between the carbons and all of the
E protons that supplied polarization during CP. The 2D CP experiment,
'2' which is equivalent to the WISE (wide line separation) sequence of
'H presat cpP decouple Schmidt-Rohr et al. (1992), consists of'B 90° pulse followed by a

variable delayt, before the CP pulses are applied (Figy)1Detection in
t, is in the presence of strorig decoupling. The protons directly bonded
to the*C experience a J-coupling 6f140 Hz, which split the peaks in the
l proton dimension. All other nondirectly bonded protons that transfer po-

't cP larization within the contact time give rise to a singlet cross-peak at the
chemical shift of the donor proton and recipient carbon. To collapse the
doublets due to heteronuclédC-*H J-coupling in the, dimension, a 180°
refocusing pulse is inserted into the middle of thenterval (Fig. 1c). All
of the 2D CP spectra were obtained using a spectral width of 20 kHz in the
(b) direct (°C) dimension and &, increment of 0.2 ms (corresponding to a
spectral width of 5 kHz) in the indirect#d) dimension. A total of 192
- ] values oft, were collected in each experiment, and 132 scans, each having
H 2 t, CP decouple I 2048 complex points, were acquired for eactThe recycle delay between

scans was set at 3.5 s so that the complete experiment required in excess
of 49 h. The States-Haberkorn-Ruben (1982) hypercomplex data sets were
analyzed using Felix97. The direct dimension was zero-filled once to 4096
complex points, and the indirect dimension was zero filled to 1024 com-
CP plex points. Sine-bell window functions were used in both dimensions for
modest resolution enhancement. Proton and carbon resonances were assigned
by tracking polarization transfer through the lipid at contact times of 1, 7, 15,
25, and 35 ms. To help determine which cross-peaks were due to the hetero-
nuclear J-coupling between tHéC and its directly bonded protons, a 2D
(c) spectrum was taken with a 18 refocusing pulse at the middletgf using
a contact time of 7 ms. The presence of this refocusing pulse resulted in the
T collapse of the doublets, aiding with the spectral assignment.
{ CcP Tuplel Because of the relatively slow spinning rate used for these experiments,
2 2.2 kHz, spinning side bands were observed in‘thélMR spectra and in
the *H dimension of the 2D spectra. The spectrometer operating frequency
was adjusted so that these were outside the spectral region of interest.
Aliasing in the indirect dimension did not lead to any identifiable peaks in
CP the region of interest. There were no observable spinning side bands in any
of the *3C 1D or 2D spectra.

TheT,, pulse sequence begins withtd 90° pulse followed by a 180°
refocusing pulse. At the resulting Hahn echo maximum a variable-length
spin-locking pulse is applied (Fig.d). The *H magnetization is detected
as a function of the length of the spin-locking pul$g, is proportional to
(d) spectral density at the effective field, determined by the strength of the
applied r.f. field and the resonance offset frequency. We meaJyydadr

b9 all accessible proton peaks in the spectrum at two separate effective fields.
Ny 5 . n . spin lock Peak area was meas_ured usi_ng FELIX by_summing the irjtensiti(_es of a
proton peak as a function of spin-lock pulse tirfig, was determined using
a three-parameter fit to a single exponential decay.

Nad
N

FIGURE 1 Some of the pulse sequences used in the various NMRAD Initio computations of chain conformations
experiments.d) The 1D*H-1°C cross-polarization experiment with selec- and chemical shifts

tive presaturation of specifiéH resonances.bj The basic 2D cross-

polarization spectroscopy (CROPSY) experiment. The delay after therhe ab initio calculations were performed using Gaussian98W (Frisch et
initial *H 90° pulse is the variable tintg. (c) A variation of the CROPSY  al., 1998). For energy minimization and conformational mapping, energies
sequence shown in. Here a™*C 180° pulse is inserted during the middle were calculated with MP2, using the 6-31G** (6-31G(d,p)) basis set. For
of the variable intervat,. (d) The sequence used to measure the  NMR chemical shift calculations the geometry was first optimized using
relaxation rate in the rotating fram&,,,. The first two pulses result in the  the B3LYP density functional theory, and then the shielding tensors were
formation of a Hahn echo, the signal of which is then spin-locked for acalculated using the 6-31G** basis set (Foresman and Frisch, 1996; Chees-
variable timer. man et al., 1996).

difference spectra as a function of contact time allows the quantification JRESULTS AND DISCUSSION

polarization transfer from the saturated proton to the carbon nuclei. The . .
error in the peak area was determined by summing an area of the baselifd1€ overall chemical structure of PDPC and the labeling

equal to the width of a given peak and taking the standard deviation. ~convention used to identify each of the atoms in the mole-
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cule (Sudaralingam, 1972) are shown in Fig. 2. This drawical shift assignments for bottH and**C discussed later.
ing is not intended to represent the conformation of theThe polyunsaturated DHA chain in particular is not ex-
molecule but is simply provided for reference to the chem-pected to adopt the configuration shown. Displaying any
other configuration for this chain would potentially mislead
the reader, so we felt it best to display the molecule as
shown. The atoms of the choline group attached to the
phosphate (at the top of the figure) and those of the poly-

YCH, yCH, unsaturated DHA chain will turn out to be the most inter-
~ esting. In particular, we call attention to the pairs of olefinic

>

aCH, N* carbons at positions (G4C5), (C7=C8), (C16=C11),
) Q?T (C13=C14), (C16=C17), and (C18=C20) and to the
O\ yCH, methylene groups at positions C6, C9, C12, C15, and C18,
P/O BCH, which are “sandwiched” between the double-bonded carbon
O/ \\ pairs. The methylene groups closest to the carbonyl groups

connecting the chains to the glycerol backbone, the chain
C2-CH, groups, will also turn out to be quite interesting. A
0 ' molecule of this sort is expected to have a large degree of
internal flexibility. In particular, at physiological tempera-
sn1 tures within the fluid or liquid crystalline phase of natural
O membranes or model membrane systems, we expect to find
a great deal of motion about all of the single carbon-carbon
=0 bonds. In comparison, rotation about the carbon-carbon
double bonds is severely restricted.

The 'H MAS NMR spectrum of a multilamellar disper-
sion of PDPC in phosphate buffer at pH 7, spinningat=
2.2 kHz, at a temperature of 25°C, is shown in Fig. 3he
large resonance at4.7 ppm is due to the water. THe
spectrum is referenced to the headgroup’s choj{€Hy),
resonance, which is set at 3.26 ppm relative to tetramethyl
silane (TMS). The resolution obtained with this sample is
typical of multilamellar lipid/water dispersions under MAS
conditions. With this resolution we are able to distinguish,
for example, the two chain methyl groups, with chemical
shifts of less than 1 ppm, and the two chain C2-,GCitbups
near 2.5 ppm. The resonance at 2.05 ppm is frontithen
C21 of the DHA chain, and that at 5.32 ppm is due to'tHe
on the double-bonded carbons, with a contribution from the
'H at the glycerol G position. The assignments of these
peaks were made particularly easy by using the two-dimen-
sional CP correlation experiment described below. Table 1
lists the assignments of both thE and*3C spectra.

The *H NMR spectrum in Fig. 3 simply illustrates the
effect of applying a long selective saturation pulse to the
resonance at 5.32 ppm. The ability to saturate a particular
resonance while leaving those nearby unaffected is central
to the 1D CP difference experiments described later.

The *C MAS NMR spectrum shown in Fig. 4 was
obtained from the same sample under the same experimen-
tal conditions as théH spectrum of Fig. 2. The inset at the
left of the figure is an expansion of the olefinic region of the
spectrum. Thé3C NMR spectra are referenced by assigning
FIGURE 2 The chemical structure of 1-palmitoyl,2-docosahexaenoyl-i,a headgroup choline’s-(CHs); resonance the chemical

sn-glycero-3-phosphocholine (PDPC). The nomenclature follows the con-_, . . .
vention of Sudaralingham (1972). This drawing is not intended to represen?hnct of 54.0 ppm relative to TMS. This spectrum was

the conformation of the molecule, but simply to define the labeling of the Obtained using a simple Hahn echo (98°380°-+—acquire)
atoms for the purposes of assigning the NMR spectra. sequence, using ciH decoupling (at an r.f. level of 22.3
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FIGURE 3 @) A *H MAS NMR spectrum of
PDPC. The sample spinning rateiig = 2.3 kHz, [
and 16 scans were averaged. The spectrum was ref-
erenced with respect to the— (CH,); resonance of o N
the choline headgroup, which occurs at 3.26 ppm
relative to TMS. b) The same spectrum as &
except that the resonance near 5.3 ppm has been
saturated by a long, weak pulse applied at that fre-
quency. This is the first stage in the measurement of
1D CP growth curves.
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kHz) but no CP. One of the most obvious features of thiscarbon-carbon bonds at a specific carbon position has three
spectrum is the resolution of at least seven of the 12 olefinidocal minima at 180°, corresponding to ttrans configu-
carbon resonances, which compares favorably with solutionation, and+60° corresponding tgauché and gauche .
studies of polyunsaturated lipids (Aursand and GrasdalenThe difference in chemical shift of the carbon atom at this
1992; Sacchi et al., 1994). Another interesting feature, alsposition between th&ans and gaucheconformers of pen-
seen in the solution spectra, is the very sharp resonandane, calculated using the ab initio program Gaussian, is
(having a linewidth of~0.1 ppm, or 9 Hz) at 25.4 ppm. This ~2.1 ppm. Molecular dynamics simulations of liquid crys-
single sharp line is due to the methylene group carbons Caalline phase saturated chain lipids in a variety of environ-
C9, C12, C15, and C18. In comparison, the (FHbeak for ~ ments (Belohorcova et al., 1999; Egberts et al., 1994; De
Loof et al.,

the palmitoyl chain, found at 29.9 ppm, has a width~@.9

ppm.

to the different population ofjaucheisomers at different

1991) give a distribution gfauchepopulations

ranging from 0.12 to 0.30. This variation in the fraction of
The width of the palmitoyl methylene peak is due partly gaucheisomers would result in a distribution of main-chain
methylene carbon chemical shifts-60.4 ppm. The lack of

chain positions. The precise chemical shift at any one poany such distribution for the DHA chain suggests either that
sition depends on the relative populations of the differenthere is no variation in conformer population with chain

conformers at that position; hence there is a distribution oposition or that the chemical shifts corresponding to differ-
chemical shifts. For a saturated fatty acid chain, the potenent conformers are very nearly the same. A similar ab initio
tial energy map as a function of torsion angle about the twacalculation of the potential energy surface map for 1,4-

FIGURE 4 A*C MAS NMR spectrum of PDPC.
The sample spinning rate ig, = 2.3 kHz, and 2000
scans were averaged. No CP was used to acquire this
spectrum. The®C magnetization was proton-de-
coupled, using continuous irradiation, with, =

22.3 kHz, at the'H frequency during acquisition.
The inset in the upper left-hand corner shows an
expansion of the olefinic region of this spectrum.
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pentadiene, which has a single methylene group sandwichdebllowing this saturation pulse, th€C spins are cross-
between two pairs of double-bonded carbons, representingolarized for a contact time varying from 0.25 ms, for the
the motif found in DHA, shows local potential minima at trace second from the top, to 10 ms for the bottom trace.
(xw» x2) = (117, 117), ¢117,-117), (117,-117), (117, From such difference spectra we can see directly the con-
117), (115,—12), and (115, 12), in close agreement with tribution to CP from thoséH spins that have been saturated.
the values reported by Applegate and Glomset (1986, The growth curves in Fig. 6 compare the growth in the
1991a,b) determined by molecular mechanics methods. Thiatensity of the DHA chain methylene peak (at 25.4 ppm) as
potential energy barriers between these minima are slightlp function of contact time without presaturating ahy
smaller than the barriers between the saturated chiamis  resonance (shown aspen circle$ in the presence of a
and gaucheconformers. The calculated chemical shift dif- presaturation pulse on the olefiniti peak at 5.3 ppm
ference for the methylene carbon for the1(17, +117) (shown asopen squarésand in the presence of a presatu-
conformers of pentadiene is less than 0.2 ppm, while theation pulse on the DHA methylené peaks at 2.8 ppm
conformers at £117, ¥12) have a chemical shift that (shown asopen triangles After a contact time of 8 ms, in
differs by ~3.7 ppm. If the C6, C9, C12, C15, and C18 the absence of presaturation the DHA methyl&f@ peak
carbons of DHA sample primarily ther(117, =117) con-  has reached 90% of its full intensity, compared-t60% of
formations, we would not expect any significant variation inits full intensity after that contact time when the olefiftd
chemical shift among these carbons, even though the digeak was presaturated ar@5% of its full intensity when
tribution of chain conformers may vary with chain position, the DHA methylene'H peak was presaturated. Recall that
as it does for saturated fatty acids. the peaks observed in the “difference” experiment are from
Some of the other peaks in thtdC spectrum, in partic- *3C nuclei, which receive polarization only through their
ular those of the headgroup, will be discussed below wheinteraction with the “saturatedH peak. This clearly dem-
we describe the two-dimensional experiments. Table 1 proenstrates the importance of the nearby protons in the pro-
vides a summary of all of the other peak assignments focess of CP of the methyle&C nuclei. In principle it might
both *3C and'H. be possible to quantitate this process by more systematic
Fig. 5 illustrates the one-dimensional polarization trans-measurement of CP growth curves and to use this as a
fer difference experiment. The top trace (Figa)sis a means of measuring the strength of the residual dipolar
normal CP*3C spectrum taken in the absence of dity  coupling between these nuclei, as has been done in solids
presaturation pulse and shows the same features as t{Muller et al., 1974; Mehring, 1983; Bizachew et al., 1994;
spectrum in Fig. 4. The remaining traces show differenceHirschinger and Herve, 1994; Tekely et al., 1995; Bertani et
spectra taken by subtracting the spectrum obtained using Ci., 1999).
after first saturating théH resonance at 5.3 ppm (the on Instead of selectively saturating individu#l resonances
the olefinic carbons) from the normal spectrum. The effectand collecting series of growth curves for individddC
of the long saturation pulse on thi spectrum is illustrated peaks, it is possible to perform a two-dimensional version of
in Fig. 3b, which, by comparison with the spectrum in Fig. this cross-polarization spectroscopy by inserting a variable
3a, shows that the saturated resonance has disappearetblay between the initiatH 90° pulse and the start of
while the other resonances remain relatively unaffectedHartmann-Hahn CP, as illustrated in the pulse sequence of

» 1 N

FIGURE 5 A series of°C NMR difference spectra

obtained using'H-*3C CP, after saturation of the ()
olefinic *H resonances (GHCH) near 5.3 ppm at
different values of CP contact time. The top traage, v At
shows the spectrum in the absence of &fysatura- (c)
tion, while the lower four traces show the difference
between this spectrum and that obtained at different L. . e P G
values of the CP contact time. Specifically, for the (d)
different traces the contact time wds) 0.25 ms, ¢€)
1.5 ms, () 7.0 ms, and€) 10 ms. A total of 1000 o J{‘ pration A I 1
scans were accumulated for each of the above differ- © '
ence spectra. J‘
MR, - FNURNPIG W MA.L A

T T T —T T T T T
160.0 140.0 120.0 100.0 80.0 60.0 40.0 20.0
{(ppm)
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ponent of magnetization that is parallel to the spin-
107 [] locking pulse can cross-polarize tH&C spins). A two-
[] dimensional Fourier transform results in &H-°C
08 3 9 correlation spectrum with peaks occurring for pairs of spins
that are coupled either through their J-coupling or via their
) ] through-space dipolar coupling. An example of the 2D
06 3 cross-polarization spectrum obtained in this fashion is
[y 1y shown in Fig. 7. Here we have plotted the region between
0 [ 4 L) 0.5 and 4.8 ppm in th&H dimension and between 10 and 75
T 4 1y ppm in the*3*C dimension. This region shows a number of
%% % % % E the palmitic and DHA chain resonances as well as the
024 ? E phosphatidylcholine headgroup peaks.

Wherever there is &C directly bonded to aH nucleus,
one sees a J-split doublet in the dimension. The center of
the two peaks in these doublets gives the chemical shift of
the *H to which the carbons are bonded. In the spectrum
shown, which was taken with a contact time of 35 ms, there

FIGURE 6 CP3C magnetization growth curves for the DHA chain are also a number of singlet peaks corresponding to pairs of

1 13 ; ;
methylene peaks (at 25.4 ppm), with Hd presaturation pulseX) and H and ~C spins that are not directly bonded but are
after the olefinic*H resonances were saturatdd)( Also shown is the interacting through space via the dipolar interaction. For

growth curve for the olefinic carbon resonancés$ &fter saturation of the example, the cross-peak atid chemical shift of 0.96 ppm
DHA methylene'H resonance near 2.8 ppm. Spectra were taken at 25°Cand al3C chemical shift of 20.3 ppm is between the DHA
chain methyl group protons and the DHA chain C21 carbon.
Fig. 1b. The'H precession duriny frequency encodes the Similarly, the singlet peak at& chemical shift of 4.3 ppm
4 magnetization, which is then transferred to the proximaland a**C chemical shift of 66.0 ppm is between the head-
13C nuclei by the Hartmann-Hahn contact (only the com-group a-CH, protons and the neighboring-CH, carbon.

o
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FIGURE 7 The region of the two-dimension#i-*3*C CROPSY correlation spectrum, taken with a mixing time of 35 ms, between 13 and 67 ppm in
the °C dimension and 0.6 and 4.6 ppm in the proton dimension. This spectrum illustrates the effect of the heteronuclear J-coupling btiGeecigie

and their directly bondetH. The projection shown at the top of the spectrum is'fi@1D spectra. Note that the J-coupling is visible in tHedimension,

only because of the decoupling during acquisition of @ signal.
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FIGURE 8 The same spectral region as that shown in Fig. 7, of a 2D CROPSY spectrum obtained using sefjoenEgy. 1, which has 4°C 180°
pulse inserted at the center igfto refocus the heteronuclear J-coupling. The characteristic J-splittings ftHtdenension have been removed.

Other assignments of both the doublets and singlets in thiShe outer two peaks, in thiéd dimension, of each of these
spectrum are given in Table 1. carbons form the heteronuclear J-coupled doublet, while the
Fig. 8 shows the CP spectrum taken with the sequence imner peak is at the isotropic chemical shift position of the

Fig. 1c, which has a**C 180° pulse at the center of. neighboring carbon’$H. Thus the arrows connect the inner
Recall that this pulse refocuses the precession due to the

heteronuclear J-coupling during, so that the spectrum
does not show any splittings in thel dimension. Compar-
ison of these two spectra readily distinguishes the directly
bonded *H-*C spin pairs, facilitating the assignments.
Careful examination of these spectra removes many ambi
guities from the spectral assignments. For example, the
cross-peak between the DHA C21 carbon at 20.27 ppm and
the chain methyl groupH at 0.96 ppm identifies this as the
DHA chain methyl group, and the doublet between fis
peak and thé>C at 13.97 ppm in the unrefocused spectrum
identifies it as the DHA chain methyl carbon. Similarly, the
cross-peak between the palmitic chaiC15H, group car-
bon, at 22.45 ppm, and the chain methyl grdtfpat 0.88
ppm in the spectrum of Fig. 8 identifies it as the palmitic -
chain methyl, while the doublet between théstand the , , ‘ , :

carbon at 13.77 ppm in the spectrum of Fig. 7 identifies it as SR I T

the palmitic chain methyl carbon.

Fig. 9 is an expansion of the region between 126 and 132/Gure 9 Expansion of the olefinic region of the two-dimensional
ppm in the®®C dimension and 4.8 and 6.0 ppm in thé  'H-'3C CROPSY correlation spectrum taken with a mixing time of 7 ms.
dimension. This is the DHA chain olefinic region showing The @ublets_ari_se from the heter(_)nuclea( J-coupling betweert*@e
the resoluion of seven of the 12 double-bonded carbonglle et ey Jorad S e Shaes bewer e el
The pea_k with th_e hlghe§l3’C Chemlcal_ shift _belongs to mutual dipolar coupling betweeliC nuclei at positions 19 and 20 of the
C20, while that with the smallest chemical shift belongs toppa chain with the!H nuclei at the opposite positions (i.e., at positions 20
C19 (Sacchi et al., 1994; Aursand and Grasdalen, 1992jnd 19, respectively).

<=
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peak for C20 to the center of the C19 doublet, and viceany significant variation with position dfC chemical shift
versa. Unfortunately, the resolution attainable does not alfor C6, C9, C12, C15, and C18 despite the relatively large
low us to carry the process further, so that we cannot assigtineoretical difference in chemical shift, calculated by
all of the peaks in this region. The presence of a cross-peaaussian, of theX1155+12) configurations compared to
between the C20 carbon at 131.34 ppm and the'82at  that of the (-117,+117) configurations suggests that the
2.05 ppm confirms the previous assignment of these peakformer have a relatively low occupation probability. How-
Fig. 10 shows the polar headgroup region between 54 anelver, little can be said regarding the populations of or the
67 ppm in the**C dimension and between 2.1 and 4.9 ppmrate of transition between the latter.
in the *H dimension. This spectrum, also taken with a Some information about the lipid dynamics can be ob-
contact time of 35 ms, shows the cross-peaks betweetained from relaxation measurements, however. The rate of
neighboringa and B methylene groups on the choline spin-lattice relaxation in the rotating frame,T3/, is mea-
headgroup. It also shows cross-peaks between the carbossred in the presence of r.f. irradiation of amplitudg at
of the y-(CH3); group at 54.0 ppm and the DHA chain frequenciesw that are close to the Larmor frequency.
methylene group'H at 2.8 ppm. In addition, there is a The resonance offset frequengyy = w, — o, and the r.f.
cross-peak between the choligeCH, carbon at 66 ppm strength,w,, determine the effective precession frequency,
and the DHA chain C2-CH'H at 2.4 ppm. The presence of and an effective field, in the rotating frame
these cross-peaks between the headgroup and the DHA
chain, and the absence of similar cross-peaks between the werr = \(Aw)” + i) (1)
headgroup and the palmitic chain, suggest that at least part
of the DHA chain is more exposed to the lipid-water inter- We also define the parametér= tan *(w,/Aw). The ro-
face region than the palmitic chain is. tating frame spin-lattice relaxation rate is most sensitive to
The cross-peaks between the choline headgroup and thictuations in the nuclear Hamiltonian that occur at fre-
DHA chain indicate that at least part of the unsaturatecjuencies near this effective field. The effective field is
chain is close to the lipid-water interface and the polamormally much smaller than the Larmor precession fre-
headgroup region. Longer contact times and an improveduency, so that for systems that are rich in lower frequency
signal-to-noise ratio may eventually permit a more completemotions (Stohrer et al., 1991; Davis, 1986) i.e., that have
picture of the conformation of this molecule. The absence otorrelation timesr, >> 1/w,, the rotating frame relaxation
time T,, is much shorter than the usual spin-lattice relax-
ation timeT, (Qian, 1997; Le Guernévand Auger, 1995).
- In this case, for random isotropic reorientation described by
¢ KN a simple exponential correlation function with a correlation
time 7, we expect that the rotating frame spin-lattice relax-

o ation rate for two like nuclei andj, with nuclear gyromag-
- netic ratioy, separated by a distancg and interacting via
o N their mutual dipolar coupling, will vary as (Abragam, 1961,
‘ Jones, 1966)
m'g Ax2
0 ! 6 JE L9y B N S
g T, 20 1¢ S co§01+ wiﬁrﬁJr Sm201+ Doy

@)

This result can be readily generalized for systems of more
than two spins. For lipid bilayers and membranes, the mo-
e lecular reorientations are not isotropic, so the expression for
L the rotating frame spin-lattice relaxation rate becomes more
e complex. In particular, it depends on the orientation of the
. b : . : ! - bilayer normal relative to the magnetic field. For powder
66.0 64.0 62.0 60.0 58.0 56.0 54.0 . .
W2 (ppm) samples we measure a relaxation rate that is averaged over
all orientations. In addition, that part of the dipolar interac-
FIGURE 10 The region of the two-dimension#-'3C CROPSY cor-  tion that is responsible for the rotating frame relaxation is
relation spectrum, taken with a mixing time of 35 ms, in the choline the fraction,AM, = (AwO)Z’ of the interaction that is mod-
headgroup region, from 53 to 67 ppm in thi€ dimension and from 2.3 }jataq by orientational fluctuations with frequencies near

to 4.0 ppm in théH dimension, showing the doublets due to heteronuclear . . L
J-coupling between th&C nuclei and their directly bondetH, and the WDeff (DaVIS' 1995; Abragam’ 1961)' The bar indicates an

through-space dipolar coupling between the headgfd@muclei and the ~ @verage over motions in this frequency range. Unfortu-
nearby, but not directly bondedH nuclei. nately, we have no independent measure of &ig,. For

o>
>
3.4

3.6
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this reason we replace the expression in Eq. 2 with

1.0
1 . Te ) Te 0.3
T I sinf6| cogo 15 ol 72 + sirf 15 do? (3) s
o 207
If we assume that the motion in this frequency range is <
reasonably well described in terms of a single average‘%:g 0.6 1
correlation time,, and a single value for the mean square & ;|
fluctuation, Jt = AM,, by measuringT,, at at least two E)
different values of effective fieldp.4, We can use Eq. 3 to —é 041
determine bothr, and . 5 034
It must be kept in mind, however, that for complex 2Z , |
molecular systems with many internal and global degrees of
freedom, such as phospholipid/water dispersions in the fluid %'
phase, there are still important high-frequency motions and g0

measurements o, (or of T;) that cannot provide a com-
plete dynamical description.

We have measured the values of the rotating frame 1.04
spin-lattice relaxation times at two r.f. field strengths, = 094
6.95 + 0.2 kHz andw,; = 13.9 = 0.4 kHz. The effective
fields are calculated by including the resonance offsets for
individual peaks as in Eq. 1. Fig. 11 shows some typical & %71
decay curves for two of these peaks at two different values ¥ ¢¢-

0.8+

of effective field. The open symbols refer to the DHA chain §

(-C=C-CH3;-C=C-), resonance, at 2.8 ppm, and the filled 3 051

symbols to the palmitic chain (Ch, resonance at 1.27 - 04+

ppm. The curves in Fig. 14 are at the lower effective field, g 034

w; = 2w X 6.95 kHz, and those in Fig. 14 are at the S

higher effective field,w, = 27 X 13.9 kHz. The offset 02-

frequency for the 2.8 ppm resonanceAi® = 27 X 1.36 0.1

kHz, while that for the 1.27 ppm resonanceli® = 2 X 00 l I I .
0.81 kHz. The solid curves are three parameter fits to a 0 20 40 60 80 100
single exponential decay for each case. Thg measure- (ms)

ments are summarized in Table 2, which gives the peak

assignments, thd,, values, their uncertainties, and the FIGURE 11 Examples of théH T,, decay curves.d) O, The decay of

deduced parametersg and} for each peak. Fig' 12 illus- the magnetization of the DHA chain GHjroups (near 2.8 ppmm, the
trates the graphical method used to arrive at values angkcay of the magnetization of the palmitic chain methylene, Gidups
uncertainties fotr, and¥ for the DHA chain (-G=C-CH5- (near 1.27 ppm). These decay curves were taken with an applied spin-
C=C-)n resonance. First, Eq. 3 is solved fif; which is Iocking_r.f._field of w; = 6.95_ + 0.2 kHz. p) O, The decay of the
then plotted as a function of the parametetto yield the ~ Magnetization of the DHA chain Gigroups (near 2.8 ppmM, the decay

. . . off the magnetization of the palmitic chain methylenegﬂoupg (ngar
solid curves in the f|gure' These curves used the values Gl 27 ppm). These decay curves were taken with a spin-locking field of
T,, obtained at the two effective fields. In this figure, the », = 13.9 = 0.4 kHz. The effective spin-locking field must also take
curve with its minimum at the lower value af is for the  account of the offset from resonance. Thusddhe effective spin-locking
higher effective field, while that with the shallower mini- fields are actuallyoe = 7.08+ 0.2 kHz (J) and 7.0+ 0.2 kHz @), and
mum at higherr, is for the lower effective field. The of bheyare 14.0= 0.2 kHz () and 13.9+ 0.2 @). The effects of the
. . . offset frequencies in this case are quite negligible.
intersection of these two curves gives the values aind¥
that are consistent with both experiments. The dashed
curves give the range of values #f consistent with the The values of these parameters for the two DHA chain
experimental error i, at the higher effective field, while peaks are very similar, while the correlation time for the
the dotted curves give the range of values consistent witppalmitic chain (CH),, peak and the value &f for that peak
the uncertainty inl;, at the lower effective field. Thus the are~50% larger. The larger value 8f is undoubtedly due
roughly trapezoidal region at the intersection of these curveto the stronger interchain proton-proton dipolar interaction
gives the permissible rangesffand{ consistent with the for the saturated chain. The longer implies a larger
data. This analysis was performed for each of the peaks ispectral density at longer time scales or more significant,
Table 2. slower motions on the palmitate chain. The shortest corre-
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TABLE 2 Rotating frame relaxation (w, = 27 X 6.95 kHz; w, = 27 x 13.9 kH2)

Assignment 8 (ppm) Ty [o,] (Ms) Ty [w,] (Ms) 7. (uS) I (X10° s72)
Olefinic *H 5.32 118.3+ 194 449+ 1.1 12.7£ 3.5 4.26+ 0.1
Choline B-CH, 3.71 90.1+ 17.8 58.6+ 2.8 8.9+ 2.5 4,23+ 0.4
Choline y-(CHg)s 3.26 187.2+ 15.8 72.0+ 2.9 12.3+ 1.8 2.53+ 0.1
DHA-CC-CH,-CC 2.78 116.4+ 9.1 449+ 1.1 12.25+ 1.6 4,03+ 0.1
DHA-C,,H, 2.05 455+ 0.1 28.9+ 0.1 5.6+ 0.3 7.91+ 0.2
pal-(CH,), 1.27 92.0+ 5.1 28.8+ 0.9 18.8+ 1.3 6.87+ 0.2
pal-CH, 0.88 100.0* 15.5 48.8+ 2.8 8.4+ 20 3.78+ 0.5

lation times are for the palmitate terminal methyl group, theimportant motions in this time scale range, and the difference
DHA chain C21H position (next to its terminal methyl between the two chains, DHA and palmitate, is significant.
group), and the cholin@-CH, headgroup resonance. The

small values of for the choliney-(CH3); group and the

palmitate terminal methyl are a result of the very rapid CONCLUSION

methyl group motional averaging, which reduces the reSidUsing 4 and*3C MAS NMR measurements of dispersions
ual dipolar coupling at those positions. The absolute valugy 1-palmitoyl-2-docosahexaenoyl-PC in excess phosphate
of the paramet€e¥f amounts to only 1 or 2% of the residual buffer, we have unambiguously assigned most of the reso-
dipolar second moment for a fluid phase phospholipid bi-,5nces in both th&H and13C NMR spectra. We were able
layer, which is~3.0 X 10° s (MacKay, 1981). This 5 se CP spectroscopy to follow the transfer of polarization
residual fluid phase second moment is itself only a fewgq, specific'H nuclei, not only to their directly bonded
percent of the rigid lattice proton dipolar second moment f0r13CvS’ but also to thosé3C that are close to it in space.

lipid systems. Itis clear that most of the motions re:sponsiblttross_peakS in the two-dimensional CP spectra revealed
for the reduction of the rigid lattice second moment t0 itSi4t there was a close association between the choline
residual value in the fluid lipid phase are much faster thaqﬂeadgroup and at least part of the DHA chain, but not with
the correlation times listed in Table 2. Nonetheless, there arg,q palmitate chain. Finally, we examined the dynamics of
the different parts of this lipid molecule, using rotating
frame spin-lattice relaxation measurements, and found that
methylene groups of both chains experience important mo-
tions with correlation times in the 1Qs range, with those
for the palmitate chain being50% longer than those of the
DHA chain. The choline headgroup and the chain-terminal
groups have significantly shorter correlation times, and that
part of the dipolar interaction that is fluctuating at these
correlation times is significantly smaller for these groups
than it is for the palmitate and DHA chain methylenes.
With improved sensitivity it should be possible to study
more precisely the interaction between thé and *3C
nuclei. Growth curves for many of the cross-peaks in the
two-dimensional spectra could yield valuable information
on the conformations and dynamics of the different parts of
the molecule. Improved resolution would also permit iden-
tification of the rest of the resonances in the olefinic region
of the 3C spectrum and would help resolve the question of
variation in chain dynamics with chain position for DHA. A
more complete understanding of the structure and dynamics
of phospholipids containing DHA chains may help to iden-
FIGURE 12 Determination of the correlation time,, and the mean tlfy the key physical characteristics that make this such an
squared amplitude of the fluctuation dipolar interactiinresponsible for ~ important molecule for human health.
the rotating frame relaxation rate. The solid curves are calculated from the
values ofT,, for the DHA chain methylene resonance at the two effective
fields used. The dotted curves show the ranges corresponding to thé/e thank Myer Bloom and Jamie Lloyd-Smith for convincing us of the
respective experimental uncertainties in the value$,gf The curve with importance of docosahexaenoic acid. We also thank Klaus Gawrisch for

its minimum at the left side of the figure is for the data taken with= enlightening discussions during his visit and Christophe Fares for help in
13.9 kHz, and the curve with the shallower minimum isdgr= 6.95 kHz. working up the data.
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