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Abstract: We have obtained proton (’H) “magic-angle” sample-spinning (MASS) nuclear magnetic resonance (NMR) spectra 
of a variety of smectic liquid crystalline phases, including sodium decanoate (30.1 wt %)-decanol(38.9 wt %)-water, potassium 
oleate (72 wt %)-water, and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (lecithin)(50 wt %)-water, in addition to investigating 
the effects of temperature and cholesterol (CHOL) addition on the lecithin spectrum. Our results indicate that even relatively 
slow (-3 kHz) MASS causes averaging of the dipolar interactions causing line broadening in the static NMR spectra, at 
least for the non-CHOL species. All of the major proton-containing groups are well resolved, the resolution being at least 
as good as obtained in previous studies of oriented samples or sonicated systems. The methylene chain protons in each liquid 
crystalline lipid bilayer system give rise to intense, sharp, spinning sidebands (SSBs) due to the special form of the dipolar 
Hamiltonian. The methyl groups of the lipids, and the trimethylammonium group in lecithin, do not yield intense SSB patterns. 
Addition of CHOL causes attenuation of the center-band methylene peak of the lecithin, and a corresponding increase in SSB 
intensity. All or nearly all of the non-CHOL protons present in the samples appear to contribute to the high-resolution spectra, 
within our experimental error of - 10-20%. Use of a chain-deuterated lecithin allows peaks arising from the side chain of 
CHOL to be observed. In the gel phase of lecithin, only the trimethylammonium peak is apparent. The high-resolution afforded 
by MASS of the liquid crystalline phases permits rapid determination of the spin-lattice relaxation times (TI) of all resolved 
resonances. In addition, the observation of numerous chemically shifted peaks permits the use of two-dimensional (2-D) NMR 
techniques, which can give information on the spatial proximity of the various groups in the bilayer. Taken together, our results 
indicate a very promising future for high-field ‘H MASS NMR studies of other lipid and membrane systems because of the 
extremely high sensitivity of the IH nucleus and the unique ability to obtain chemical shift, T I ,  and 2-D information from 
a single sample, without recourse to isotopic labeling, macroscopic sample orientation, or ultrasonic irradiation. 

Nuclear magnetic resonance (NMR) spectroscopy has been 
used to investigate the structure of model and biological mem- 
branes for over 20 years, and studies of molecular motion in simple 
lipids and hydrocarbons can be traced back even further.’S2 The 
earliest studies concentrated on the ‘H nucleus, which because 
of its high sensitivity and abundance was expected to be a useful 
probe of membrane structure. Early studies by C e r b ~ j n ~ , ~  identified 
mobile lipid components in Nocardia asteroides; then Chapman 
et al. began an extensive series of studies of model- and biological 
membrane systems.+l2 The early ‘H N M R  experiments utilized 
wide-line methods, and assumed that ‘H-IH dipolar interactions 
dominated the observed line widths, since very broad lines were, 
in general, obtained. These line widths could be reduced by 
sonicating the (liquid crystalline) lipid bilayers, or membranes, 
reducing their particle size and permitting faster vesicle tumbling. 
Shortly after the first papers by Chapman et al., numerous other 
groups published similar studies on related s y ~ t e m s . l ~ - * ~  

Three main questions arose from the early studies. These 
centered around the nature of the line-broadening mechanisms 
in the liquid crystalline phases, the effects of sonication (does it 
cause line narrowing due to a change in lipid bilayer structure, 
or because of increased rates of particle rotation?), and whether 
spin diffusion occurs in the liquid crystalline phases. These 
questions have (at least in part) been answered over the past 15 
years. Thus, Chan et a1.,26 T i d d ~ , ~ ’  and Oldfield et aLZ8 showed 
that line broadening in various liquid crystalline phases (at least 
up to -90 MHz) was purely dipolar in origin, since the line widths 
(or effective T2 values, T2*) were field independent. This view 
was supported by the results of ‘H ‘magic-angle” sample-spinning 
(MASS) NMR,29 by multiple-pulse line narrowing,30 and by 
“magic-angle” alignment of oriented  sample^.^'-^^ The effects 
of sonication have been widely studied, and the early view, that 
sonication causes line narrowing only due to increased particle 
tumbling, has received considerable s ~ p p o r t , ~ ~ - ~ ~  although it is 
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(Grant DMB 84-16771) and by the University of Illinois. 

not universally a~cepted.~’  Finally, the occurrence of spin-dif- 
fusion is deemed to be unimportant in sonicated liquid crystalline 
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systems, although it is more difficult to disprove some Occurrence 
in unsonicated systems, where extensive spectral overlaps Occur. 
Indeed, the early studies were carried out on unsonicated systems, 
and it is not possible to disprove the occurrence of some spin- 
diffusion by analysis of systems in which these overlap are reduced 
(e.g., by MASS or sonication). 

In this paper we report our progress on the ’H N M R  of lipids 
some “20 years on”. We find that excellent spectral resolution 
can now be achieved by combined use of high (8.45 and 11.7 T)  
magnetic field strengths (corresponding to 360- and 500-MHz 
‘H resonance frequencies, respectively) and “magic-angle” sam- 
ple-spinning. The resulting resolution is approximately the same 
as that obtained using sonicated lipid vesicles or macroscopically 
oriented samples, but the sensitivity of the MASS approach is 
considerably higher, since neither dilute suspensions (sonication) 
nor stacks of glass plates (oriented multibilayers) are required. 
Thus, spectra may be obtained in about 5-10% of the time required 
for these other techniques. A surprising result is the observation 
of numerous, intense, sharp, spinning sidebands (SSBs) in the 
liquid crystalline phases, up to seven being observed in the presence 
of cholesterol (CHOL). 

Experimental Aspects 
NMR Spectroscopy. All ‘H  spectra were obtained on “home-built” 

N M R  spectrometers, which operate at 50, 360, or 500 MHz, using either 
a Nalorac (Concord, CA) 4.0-in. bore, 3.52-T solenoid, run at 1.17 T, 
or on Oxford Instruments (Osney Mead, U.K.) 3.5-in. bore, 8.45-T or 
2.0411. bore, 11.7-T solenoids, together with Nicolet (Madison, WI) 
Model 1180 or 1280 computer systems, Henry Radio (Los Angeles, CA) 
Model 1002 radio-frequency amplifiers, and either Doty Scientific (Co- 
lumbia, S.C.) or “home-built” MASS N M R  probes. For the experiments 
done at 360 MHz, the 90° pulse widths varied between 20 and 30 ps, but 
5 - 1 ~ s  pulses were used to mitigate the possibility of pulse-power falloff. 
The experiments done at 500 MHz had 90° pulse widths of 9 pus. All 
spectra were referenced to an external standard of hexamethyldisiloxane 
(6 0.055 ppm from tetramethylsilane), and high-frequency, low-field, 
deshielded, paramagnetic shifts are denoted as positive (IUPAC 6 scale). 

Lipid Samples. Potassium oleate was prepared by titrating oleic acid 
(octadec-9-en-I-oic acid; Sigma Chemical Co., St. Louis, MO) with 
reagent grade KOH (J .  T. Baker) in EtOH, to a phenolphthalein end- 
point, followed by recrystallization from EtOH at -20 OC. The product 
was dried at 100 OC for 24 h. Sodium decanoate was similarly prepared, 
and liquid crystalline phases were made by the addition of appropriate 
quantities of D,O and decanol, followed by extensive homogenization at 
-70 OC. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (Sig- 
ma) was used without further purification. Chain perdeuterated DMPC 
([2H54]DMPC) (Avanti Polar Lipids, Inc., Birmingham, AL) was also 
used without further purification. Cholesterol (Aldrich) was recrystal- 
lized three times from EtOH before use. DMPC samples were prepared 
by addition of D20 (50 wt %). DMPC-CHOL samples were prepared 
by dissolving the appropriate amounts of DMPC and CHOL in CHCI, 
and removing the solvent under an N, stream at -40 OC, followed by 
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Figure 1. 360-MHz static and MASS ‘H  Fourier transform N M R  
spectra of potassium oleate(72 wt %)-D20 liquid crystalline mesophase: 
(A) static spectrum at 26 OC, (B) 2.7-kHz MASS N M R  spectrum, (C) 
expansion of the center-band region of B, (D) solution spectrum of po- 
tassium oleate in D 2 0 .  

evacuation overnight. Lecithin purity was monitored periodically, using 
standard methods. 

Results and Discussion 
We show in Figure 1 representative 360-MHz ’H Fourier 

transform NMR spectra of the potassium oleate (72% wt %)-DzO 
smectic liquid crystalline system, at  -25 “C. As expected, the 
spectrum of a static sample (Figure 1A) consists of a broad, 
non-Lorentzian line having a half-height width of about 2.2 kHz. 
The line broadening is due primarily to incompletely motionally 
averaged proton-proton dipole-dipole interactions. Previously, 
DeVries and Berendsed’ investigated the potassium oleate-DzO 
system in the smectic liquid crystalline phase, using samples 
macroscopically oriented on glass plates. In their work (carried 
out a t  a proton resonance frequency of only 60 MHz), they were 
able to show a substantial line narrowing at  the “magic-angle”, 
although spectral resolution was poor. Much better results were, 
however, obtained by Van der Leeuw and S t ~ l e n , ~ ~  at  a proton 
resonance frequency of 360 MHz, the same as in most of the 
present study. At the higher magnetic field strength employed 
by these workers, a much better resolved static spectrum was 
obtained at the “magic-angle”. We show in Figure 1B the results 
of a 2.7-kHz MASS experiment a t  360 MHz, which clearly 
indicate a substantial line narrowing upon MASS, even at  the 
relatively low spinning frequency of 2.7 kHz. There are a series 
of well-resolved center-band resonances, together with several sets 
of sharp, well-resolved SSBs, which originate from the broad wings 
of the static spectrum. Figure 1C shows an expansion of the 
center-band resonances, and it can be seen that well-resolved CH3, 
(CH,),, and CH=CH protons are all apparent. The spectrum 
is qualitatively similar to that obtained by Van der Leeuw and 
Stulen; however, our resolution is significantly improved over that 
obtained in the oriented sample work.33 For purposes of com- 
parison, we show in Figure 1D the 360-MHz ‘H N M R  spectrum 
of the potassium oleate soap dissolved in D,O to form an isotropic 
solution. In this case, the methylene groups adjacent to the double 
bond and the methylene group adjacent to the carbonyl group are 
now resolved. 

We believe that the results shown in Figure 1 are interesting 
for a number of reasons. First, the MASS spectrum of the smectic 
liquid crystalline phase (Figure 1C) is quite highly resolved, 
although we were unable to observe J couplings with our current 
instrumentation (and technique). Secondly, Figure 1 B shows the 
presence of numerous SSBs. Note, however, that well-resolved 
SSBs are only obtained from the methylene and olefinic chain 
protons; the resonances of the water and that of the terminal 
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Figure 2. Absolute quantitation of potassium oleate spectrum via ad- 
dition of 5 pL of 1,4-dioxane: 360 MHz, 2.7-kHz MASS spectrum, 
recycle time 15.0 s, 20-ps pulse excitation (90" solution pulse width = 
20 ps). 
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Figure 3. 360-MHz 'H MASS NMR spectra of sodium decanoate (30.1 
wt %)-decanol (38.9 wt %)-D20 (31.0 wt %): (A) 2.5-kHz MASS at 
26 "C (inset: MASS NMR spectrum of hexamethyldisiloxane, demon- 
strating field homogeneity), (B) expansion of the center-band region of 
A. 

methyl group do not give rise to such SSBs. 
Integration of both the center band and SSB peaks yields good 

quantitative agreement with the results expected on the basis of 
chemical composition; Le., there appears to be little missing signal 
intensity, within our estimated experimental error of N 10-1595. 
We have also quantitated these results on an absolute basis using 
an internal standard comprised of 5 WL of l,Cdioxane, as shown 
in Figure 2 and Table I. The results of this experiment again 
indicate that 90 i 10% of the protons present in the sample 
contribute to the high-resolution signal. 

We show in Figure 3 similar results for a decanol-sodium 
decanoate-D20 liquid crystalline phase, obtained using MASS 
N M R  at ambient probe temperature (-25 "C) .  The spectrum 
of Figure 3A exhibits a set of intense center-band resonances 
averaged by MASS, together with four or five sets of sharp SSBs, 
due to the methylene chain protons. Spinning sidebands are not 
observed from the terminal methyl or from the H 0 2 H  water 
resonance, or from a separate sample of hexamethyldisiloxane 
(inset spectrum), which indicates adequate Ho field homogeneity. 
An expansion of the center-band resonances, Figure 3B, shows 
well-resolved signals from the terminal methyl, chain methylene, 
CH2C0, and CHzOH protons, together with a signal from residual 
HO2H. The methyl reonance in the center-band spectrum, Figure 
3B, appears more intense than expected when compared with the 
methylene proton resonance, because much of the methylene 
intensity is contained within the envelope of spinning sidebands. 

3 I" I / ,  t 

-iL V I 7  ,I 'C; +< yfi*- TT 7 7  7 7 - 3 -  - 
20 10 0 -10 -20 
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Figure 4. 'H MASS NMR spectra of sodium decanoate (30.1 wt %)- 
decanol (38.9 wt %)-D20 (31 0 wt %) at three different magnetic field 
strengths Each spectrum was taken with a constant spinning speed of 
2 86 kHz & 5 Hz, and at ambient temperature. An exponential line 
broadening of 200 Hz was used on each: (A) 500 MHz, (B) 360 MHz, 
(C) 50 MHz. 
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Figure 5. 360-MHz 'H MASS NMR spectra of 1,2-dimyristoyl-sn- 
glycero-3-phosphocholine (50 wt  %) in D20, at 36 'C: (A) 2.5-kHz 
MASS, (B) expansion of the center-band region of A. Nomenclature as 
in: Brown, M. F.; Seelig, J. Biochemistry 1978, 17, 381-384. 

There can only be a very small falloff in intensity in the wings 
of the MASS NMR spectrum, because of our use of a relatively 
short pulse width. These results indicate that well-resolved proton 
MASS N M R  spectra of smectic liquid crystalline phase lipids 
may be obtained (at 360 MHz) using relatively modest MASS 
spinning rates. In addition, results obtained at 50 and 500 MHz, 
Figure 4, indicate essentially the same pattern of SSBs, ruling 
out any significant field-dependent (nondipolar) contributions to 
the overall spectral width, although a very small chemical shift 
anisotropy might be anticipated. 

We show in Figure 5 similar 360-MHz ' H  MASS N M R  
spectra of the smectic liquid crystalline phase of DMPC, dispersed 
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Table 1. Absolute Quantitation of Potassium Oleate (72 wt %)-DzO Spectra Using an Internal 1,4-Dioxane Standard" 
measd no. of protons chemical theor no. 

shift (ppm)* assignment of protonsC center SSB totald error (%)' 

5.30 -CH=CH- 2 1.28 0.38 1.66 -17.0 
2.02 -CHzCO 6 3.25 1.90 5.15 -14.2 

1.50, 1.29 (CHd11 22 14.78 5.99 20.77 -5.6 
-CHzCH= 

0.89 CH3 3 2.78 2.78 -7.3 
- 8 . d  overall 33 22.09 8.27 30.36 

(I 1,4-Dioxane (5 pL) added to a known weight of a potassium oleate (72 wt %) -DzO mesophase. Three samples were investigated using 360-MHz 
IH MASS. For a typical spectrum, see Figure 2. bError is -4~0.05 ppm. cTotal number of protons from chemical structure. dNumber of protons 
contributing to peak(s) indicated, based on integrated intensity of 5 pL (5.17 mg) of added 1,4-dioxane. Values shown are averages of three 
experiments. Average of three determinations. /Overall experimental error, average of three determinations. The individual errors were -27.2, 
-17.2, +20.4%. 
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Figure 6. 360-MHz 'H MASS N M R  spectra of 1,2-dimyristoyl-sn- 
glycero-3-phosphocholine (50 wt 5%) in D20, at -10 O C :  (A) 2.5-kHz 
MASS. (B) expansion of the center-band region of A. 

in D20. There are a series of well-raolved center-band resonances, 
Figure 5A, together with two or three sets of SSBs. Figure 5B 
shows an expansion of the center-band resonances, in which the 
terminal methyl, chain methylene, and CH2C0 chain protons may 
be resolved, together with the choline headgroup a-methylene, 
&methylene, and y-trimethylammonium protons. There is also 
a resonance at  5.29 ppm, which on the basis of previous work on 
sonicated lipid dispersions3* may be attributed to the isolated sn-2 
methine proton of the glycerol backbone. Investigation of the SSB 
intensities reveals, once again, that the most intense feature may 
be attributed to the chain methylene protons, as in the case of 
the two previous soap liquid crystal phases. There are only very 
weak SSBs for the terminal methyl resonance, and from the 
trimethylammonium and methylene headgroup resonances. In- 
tegration of the DMPC data, a t  360 and 500 MHz, using as an 
internal standard the +NMe3 resonance (9.00 protons from the 
center-band and 2 SSBs) yields overall intensities some 20-30% 
below that expected (data not shown). This suggests that some 
of the chain CH2 protons may not yield high-resolution signals, 
or alternatively that some of the bilayers may yield very broad 
lines, but the errors are close to our experimental uncertainties. 
Nevertheless, the observed intensities are still in quite close accord 
with those expected on compositional grounds. 

On cooling the sample below the (24 "C) gel-to-liquid crystal 
phase transition temperature, we obtain (at -10 "C) the 360-MHz 
'H MASS N M R  spectrum of the gel phase of DMPC, as shown 
in Figure 6. Figure 6 A  shows a broad spectral width plot in which 
center-band resonances due to H02H and the lipids' +NMe3 group 
may be assigned. Spinning sidebands are observed only for the 
+NMe3 group, and, as shown in Figure 6A, they are quite broad, 
in sharp distinction to the previous results on the liquid crystalline 
phase of DMPC. There are no signals which may be attributed 
to the hydrocarbon chain protons, or to the methylene groups in 
the phospholipid headgroup region. This result is in accord with 
that obtained previo~sly. '~ 

A number of explanations of the results of Figures 1-6 have 
been developed by ourselves, our colleagues, and the referees of 

(38) Neumann, J. M.: Zachowski, A.; Tran-Dinh, S.; Devaux, P. F. Eur. 
J .  Biophys. 1985, 11 ,  219-223. 

this publication. Overall, the results obtained by ourselves, and 
by previous workers, indicate that the line broadening in this 
system can be described as a (field-independent) inhomogeneous, 
dipolar broadening, even though a large number of spins are 
involved. The inhomogeneous nature of the linear chain of I9F 
spins in fluoroapatite has been discussed previ~usly,~' and more 
recently, Vega has observed related inhomogeneous (SSB) be- 
havior in rotating NH4+ groups in NH4+-p-zeolite, in CH3 groups 
in a deuterated sodium acetate matrix,40 and in Si(CH3), groups 
in a surface silyl residue,"I and Zumbulyadis has observed similar 
behavior in the I9F N M R  of CF3C02Ag.42 

For the case of NH4+ exchange or rotation, all H or X nuclei 
became equivalent, so that the static dipolar Hamiltonian 

which generally does not commute with itself a t  different rotor 
orientations, becomes 

which does commute at  different rotor  orientation^.^' 
While this is not identical with the situation with liquid crys- 

talline lipid bilayers, Wenner~trom,"~ Ulmius," and Bloom et 
have shown that the Hamiltonian for the protons in a liquid 
crystalline membrane sample is qualitatively different from that 
of protons in a normal solid sample. In the liquid crystalline phase, 
intermolecular dipole-dipole interactions are reduced to a neg- 
ligible amount by rapid lateral diffusion, while fast axial rotation 
reduces the intramolecular dipole-dipole interactions and causes 
the angular dependence of the Hamiltonian to be the same for 
all of the proton pairs.43 A result of this is that the shape of the 
absorption curve is independent of 8, the angle between the director 
axis and H,. The effect of a variation in 0 is only a change in 
the frequency scale since the couplings between all protons are 
multiplied by the same factor, P2(cos e), which causes the familiar 
super-Lorentzian line shapes observed.43 

Using this scaling then, we may write 

D, = y2(3 cos2 e - l)Di: ( 3 )  

for the individual dipolar interactions where Di: = y 2 h 2 / r i t ,  in 
which case the Hamiltonian becomes 

( 4 )  

basically as in eq 2 a b o ~ e . ~ . ~ ~  In the gel state, axial rotation and 
lateral diffusion are presumably too slow to allow this type of 
motional averaging, and indeed super-Lorentzian lineshapes of 

(39) Yesinowski, J. P.; Mobley, M. J.  J .  Am. Chem. SOC. 1983, 105, 

(40) Vega, A. J., private communication. 
(41) Kdhler, J.: Chase, D. B.; Farlee, R.  D.; Vega, A. J.; Kirkland, J. J.  

(42) Zumbulyadis, N . ,  private communication. 
(43) Wennerstrdm, H. Chem. Phys. Lett. 1973, 18, 41-44. 
(44) Ulmius, J.; Wennerstrdm, H.; Lindblom, G.;  Arvidson, G .  Biochim. 

6191-6193 and ref 11-16 cited therein. 

J .  Chromatogr. 1985, 352, 275-305. 

Biophys. Acta 1975, 389, 197-202. 
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Figure 7. 360-MHz 'H MASS NMR spectra of 1,2-dimyristoyl-sn- 
glycero-3-phosphocholine-cholesterol (1:l mole ratio, 50 wt % in DzO), 
at 36 OC: (A) 2.6 kHz MASS (the top spectrum shows an 8 X vertical 
expansion of the bottom trace), (B) expansion of the center-band region 
of A. 

the gel state have not been reported, using wide-line 'H N M R  
methods. 

Notably, a prediction of the above ideas is that with very slow 
spinning, SSBs will still be observed, and the peak intensities of 
the SSBs should 'map out" a well-resolved super-Lorentzian 
lineshape. This is exactly what is observed experimentally, the 
820-Hz MASS rate N M R  spectrum of the decanol-sodium de- 
canoate-D20 system (data not shown) being in very good 
agreement with the super-Lorentzian lineshape computed by 
W e n n e r ~ t r o m ~ ~  and Bloom et ai? 

In the gel phase, there is presumably a breakdown of the 
adiabatic approximation, due to slow axial rotation and the 
presence of strong intermolecular dipolar interactions, due to a 
lack of fast lateral diffusion, in which case it will likely be necessary 
to combine MASS with multiple-pulse techniques in order to 
achieve high-resolution 'H N M R  spectra. 

The results shown in Figures 1-4 indicate that high-resolution 
spectra may be obtained from liquid crystalline phase lipids, 
without orientation or sonication. We show in Figure 7 the effects 
of the molecule cholesterol (CHOL) on the observed proton MASS 
N M R  spectrum of DMPC. We investigated a 1:l mole ratio 
sample of DMPC-CHOL (in order to observe the largest possible 
effect of CHOL), dispersed in excess water, a t  36 O C .  Based on 
extensive previous investigations of the lecithin-CHOL sys- 
tem,sv"5-48 we expected the cholesterol molecule to Yamdensen the 
lipid hydrocarbon chains. We thus might expect one of two types 
of behavior in the proton N M R  spectrum, due to the addition of 
CHOL. The first possibility is that we would have a much more 
'gel-like" phase, due to the increased strength of the dipoldipole 
interactions, as a result of decreased axial rotation, and increased 
importance of intermolecular interactions. In this case the main 
observable feature might only be that of the trimethylammonium 
headgroup, as found in the gel state spectrum of lecithin, Figure 
6. The second possibility is that cholesterol would only increase 
(Pz(cos e)), which would be reflected in an increase in the number 
of SSBs present. The latter behavior is the one observed, as shown 
in Figure 7A. In addition to a series of well-resolved center-band 
resonances, Figure 7B, Figure 7A shows that there are a t  least 
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Figure 8. 500-MHz 'H MASS NMR spectra of chain perdeuterated 
DMPC with and without cholesterol: (A) [*H,,]DMPC (50 wt %) in 
DzO, 3.2-kHz MASS, at 26 OC; (B) [*H,]DMPCCHOL (1: l )  (50 wt 
%) in DzO, 3.1-kHz MASS, at 26 OC. 

seven SSBs present. The center-band spectrum, Figure 7B, once 
again contains signals from the terminal methyl and methylene 
chain protons, in addition to the CY, ,B, and y methylene and methyl 
group protons of the choline headgroup, and the signal at about 
5.3 ppm, tentatively assigned to the sn-2 methine proton.38 The 
center-band intensity of the methylene chain resonance is di- 
minished relative to that of the terminal methyl proton resonance, 
owing to the presence of significant intensity in the spinning 
sideband manifold (and to a small contribution from pulse-power 
falloff). 

We believe that these results once again demonstrate the utility 
of high-field proton MASS N M R  spectroscopy in studying lipid 
bilayer structure. The effect of cholesterol is not unexpected, in 
that it increases the order of the lipid hydrocarbon chains, thereby 
increasing the number of spinning sidebands observable. Rapid 
lateral diffusion in this liquid crystalline lecithin--cholesterol phase 
presumably causes substantial averaging of the intermolecular 
dipole-dipole interactions, which in the gel phase of lecithin likely 
contributes significantly to the loss of methylene proton signal 
intensity. 

Analysis of integrated intensity results for the DMPC-CHOL 
sample reveals, assuming that only the DMPC protons are being 
observed, a +4.6% error in total intensity, versus -32.2% (360 
MHz) or -23.3% (500 MHz) values for DMPC alone. It seems 
surprising that better quantitative results are found in the presence 
of CHOL, and, in addition, it is surprising that the error for the 
terminal methyl groups (+ 122%) is so high. This suggested to 
us that some of the CHOL protons were contributing to the 
high-resolution spectrum, since observation of all DMPC and 
CHOL resonances would yield a -36.2% error, rather greater than 
that observed for DMPC-CHOL, or DMPC alone. 

We thus recorded the IH MASS N M R  spectra of a chain- 
perdeuterated DMPC, in the presence and absence of an equimolar 
amount of CHOL, as a 50 wt % dispersion in DzO; the results 
are shown in Figure 8. 

The full spectral width plots of [2H54]DMPC and [2H54]- 
DMPC-CHOL (1:l) are shown in Figure 8, A and B, respectively. 
As can be seen, there is an intense center-band plus two sets of 
SSBs (denoted 1,2) arising from the [ZH54]DMPC (headgroup 
and glycerol backbone region), while in the presence of CHOL, 
six extra sets of SSBs (denoted a-f) appear. These additional 
broad SSBs arise from the CHOL molecule. Expansions of the 
center-bands of the [2H54]DMPC and [2HS,]DMPC-CHOL 
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Figure 9. Representative spin-lattice relaxation time (T , )  determination, 
and TI results on liquid crystalline bilayers: (A) partially relaxed Fourier 
transform NMR spectra of potassium oleate-D20, at 26 OC, T values in 
milliseconds unless noted; (B) expansion of center-band resonance of 
potassium oleate-D20 spectrum, showing TI values obtained from com- 
puter analysis of PRFT data; (C) center-band region of liquid crystalline 
DMPC spectrum (at 36 "C) showing TI values; (D) as in C, but for 
DMPC-CHOL, 1 : 1 .  The errors on the TI values are from a computer 
program. Realistic errors are &5-10%. 

spectra (data not shown) indicate that the chemical shifts of the 
new peaks observed are close to those observed previously by Krmn 
et al.,49 and can be assigned to protons on the (mobile) CHOL 
side chain, together with a small feature attributable to residual 
DMPC chain protons. 

These results clearly indicate that the CHOL side chain is 
mobile and contributes to the observed high-resolution 'H MASS 
NMR spectrum, and quantitation of the results of Figure 8B, 
assuming all 17 protons in the C8 CHOL side chain plus the two 
angular methyl groups are mobile, gives a result more in accord 
with the pure DMPC results discussed previously; i.e., we obtain 
a 9% error between experiment and prediction. We believe this 
result is of particular interest, since it implies that studies of a 
variety of other species, e.g., drugs, anesthetics, peptides, and other 
lipid classes, may be carried out using the MASS NMR method, 
using massively deuterated lipids, much as suggested previously 
by Kroon et al.,49 but using unsonicated, as opposed to sonicated, 
lipid systems. 

Unfortunately, we do not currently have a satisfactory expla- 
nation for the lack of well-resolved signals from the CHOL nu- 
cleus. Excessively long T,  values, or excessively short T2's (due 
perhaps to chemical exchange) may be responsible, as may the 
need for a multiple order parameter description of the CHOL 
motion. Further work is underway in order to better characterize 
the NMR response of the CHOL nucleus. 

Because of the high sensitivity and resolution of the 'H MASS 
NMR method, we have been able to rapidly obtain the partially 
relaxed Fourier transform (PRFT) 'H MASS NMR spectra, of 
the potassium oleate-water, sodium decanoate-decanol-water, 
DMPC, and DMPC-CHOL (1:l) systems at 360 MHz, and at 
several temperatures; representative results are presented in Figure 
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Figure 10. 500-MHz two-dimensional cross-relaxation (NOESY) con- 
tour plot of DMPC (50 wt %) in D20 ,  at 26 OC, using a 500-ms mix time 
(see Xu and Cafiso, 1986, for details of the pulse sequence and phase 
cycling used), and a 3.1-kHz MASS rate. Assignments of the one-di- 
mensional spectrum are given at the top of the figure. 

9. Figure 9A shows typical PRFT spectra, obtained at room 
temperature, of the potassium oleate (72 wt %)-D20 liquid 
crystalline mesophase system, and in Figure 9B we present the 
expanded center-band region of the normal 'H Fourier transform 
NMR spectrum of this mesophase, indicating the spin-lattice 
relaxation times we have determined, using a 1 80"-~-90" pulse 
sequence. Similarly, we show in Figure 9C the T ,  values de- 
termined for each of the resolved resonances in DMPC (at 36 "C), 
and in Figure 9D the corresponding values for DMPC-CHOL 
( l : l ) ,  again at 36 "C. While a complete analysis of proton 
spin-lattice relaxation times is difficult and certainly beyond the 
scope of this publication, and has been considered for similar 
systems the results of Figure 9 nevertheless clearly 
indicate that high-quality T1 data sets may be obtained for 
high-resolution proton spectra of various unsonicated liquid 
crystalline lipid mesophases using the MASS NMR method. 
Similarly, T2 and T1,  data sets should be readily obtained via 
MASS NMR. 

Finally, we show in Figure 10 the results of a two-dimensional 
(2-D) cross-relaxation (NOESY) experiment on unsonicated 
DMPC, carried out basically as described by Xu and C a f i ~ o , ~ ~  
who investigated a sonicated 1,2-dipalmitoyl-sn-glycero-3- 
phosphocholine (DPPC) system. Our results are summarized in 
the 2-D contour plot in Figure 10, in which the spectral assign- 
ments are given on the 1-D spectrum at the top of the figure. We 
find the following. Only one set of cross peaks is observed for 
the terminal methyl-methylene peaks, unlike the two seen in the 
sonicated work, due to the equivalence of both sides of the bilayer 
in the coarse multilamellar system we have investigated. Similarly, 
there is only a single, weak, cross peak for the +NMe3-(CH2), 
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interaction, unlike the two observed by Xu and Cafiso. Our 
terminal methyl-+NMe3 cross peak is exceedingly weak, unlike 
that seen in the sonicated system, due in that case presumably 
to lipid interdigitation or chain bends. The diagonal peaks for 
the a-, @-, and y-headgroup peaks are unsplit, owing to equivalence 
of the two halves of the bilayer. Finally, because our system has 
much less excess water, loss of magnetization to this large 'bath" 
is attenuated, and we observe cross peaks with H02H for 'NMe, 
and hydrocarbon chain protons, reflecting, we believe, the presence 
of substantial amounts of H02H in the lipid bilayer. 

Conclusions and Future Prospects 
We can summarize our conclusions as follows: (1) high-field 

'H MASS NMR yields narrow, muftiline spectra for many liquid 
crystalline lipid bilayer systems, from which isotropic chemical 
shifts can be determined; (2) resolution in 'H MASS is about as 
good as with sonicated systems, and is much better than with 
oriented samples; (3) line widths and spin-lattice relaxation times, 
for individual groups, can be readily measured ( T2 and T I ,  de- 
terminations should also be feasible); (4) information on order 
parameters can (probably) be extracted from the spinning-side- 
band manifold, without isotopic labeling; ( 5 )  two-dimensional 
(2-D) N M R  techniques can probably be used to obtain spatial 
or connectivity information (via cross-relaxation or scalar coupling 
effects); (6) strongly dipolar coupled systems, e.g., the gel phase 
of DMPC, may not yield high-resolution spectra a t  convenient 

spinning rates; (7) data acquisition is a t  least an order of mag- 
nitude faster than with conventional techniques; (8) there is no 
requirement to subject samples to ultrasonic irradiation; and (9) 
there is no requirement for isotopic labeling (as with 2H). 

In the future, it may be possible to obtain improved resolution, 
and to use 'H J-coupling information. However, such experiments 
are expected to be somewhat difficult, since a typical 'H high- 
resolution specification of 0.5 Hz corresponds to only 0,001 ppm 
at  500 MHz, a value not met by conventional MASS N M R  
probes. Thus, some efforts will have to be expended on probe 
construction, shimming, field-locking, and so forth. In addition, 
relaxation effects may prohibit some such experiments. Alter- 
natively, various resolution enhancement aids may be applied to 
improve spectral resolution, since signal-to-noise ratios are high. 

The ability to record highly resolved IH (1- and 2-D) spectra 
implies that a variety of heteronuclear 2-D experiments (involving, 
for example, *H, I3C, I4N, lSN, and ,IP) may be applied to un- 
sonicated lipid (and biological) membranes. We hope the results 
presented in this publication spur such activities. 
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Abstract: High-resolution solid-state carbon- 13 nuclear magnetic resonance spectroscopic studies of a chemisorbed molybdenum 
hexacarbonyl fragment on y-alumina are described. It is shown that chemical shift anisotropy information, obtained by analysis 
of spinning sideband intensities in magic-angle spinning spectra, can be used to study the mobilities of chemisorbed metal 
carbonyl fragments. Evidence is presented for very facile rotation of a Mo(CO)5(ads) species about the surface-Mo bond. 

In the past decade there has been growing interest in the 
preparation of heterogeneous catalysts by reaction of transition 
metal carbonyl complexes with high surface area metal oxides, 
such as transitional aluminas and porous silica.I4 In addition 
to providing novel catalysts, these supported complexes may also 
afford relatively well-defined surface structures, allowing the 
identification of important features of heterogeneous catalysts 
through systematic synthesis and characterization. Unfortunately, 
in most cases many structural questions remain after character- 
ization by such readily available techniques as infrared spec- 
troscopy, ultraviolet-visible spectroscopy, and temperature-pro- 
grammed de~orpt ion .~  The availability of solid-state carbon- 13 
nuclear magnetic resonance (NMR) spectroscopic data on these 
systems has thus been eagerly ant i~ipated.~?~ Although only highly 
mobile physisorbed species could be detected in the earliest 13C 
NMR studies of supported metal  carbonyl^,^ recent studies using 
solid-state NMR techniques such as magic-angle spinning (MAS) 
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and cross polarization (CP) have shown that less mobile chem- 
isorbed species can also be 

One of the most extensively studied supported complexes is 
molybdenum hexacarbonyl on y-alumina, which has been exam- 
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