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Molecular Organization and Motions of Crystalline Monoacylglycerols and
Diacylglycerols: A C-13 MASNMR Study

Wen Guo and James A. Hamilton
Biophysics Department, Boston University School of Medicine, Boston, Massachusetts 02118-2394

ABSTRACT Six saturated acyiglycerols (1-myristoyl-sn-glycerol, 1-paimitoyl-sn-glycerol, 1,2-dimyristoyl-sn-glycerol, 1,2-
dipalmitoyl-sn-glycerol, 1,2-dipalmitoyl-rac-glycerol, and 1,3-dimyristoylglycerol) were studied in their various polymorphic forms
(sub-a, «a, B’) by natural abundance C-13 nuclear magnetic resonance (NMR) with magic angle spinning (MASNMR). C-13
MASNMR does not require single crystals and can observe relatively disordered crystals, distinct advantages over crystallo-
graphic diffraction methods. Well resolved spectra were obtained for each acylglycerol, and the chemical shifts of corresponding
carbons were different for each crystalline phase and the isotropic liquid phase; moreover, in the case of monoacylglycerols,
the symmetrically nonequivalent molecules in the same crystalline structure gave distinct C-13 resonances for the same carbon.
The C-13 chemical shifts corresponding to each polymorphic phase were interpreted in terms of differences in intramolecular
bond distances, intermolecular interactions (such as H bonding), and molecular motions. Mobilities of the glycerol backbone
and acyl chains were assessed by the C-13 linewidths and the C—H dipolar relaxation rates. The chemical shift anisotropy(ies)
(Ao) of the carbonyl group(s) of each acylglycerol was determined from slow-spinning MAS spectra, and was discussed in terms

of the conformational and/or motional changes for the carbonyl carbon(s).

INTRODUCTION

Acylglycerols are a complex class of lipids composed of fatty
acids esterified to glycerol. They are important molecules in
physiology, acting as storage forms of fat or intermediates in
lipid metabolism. Diacylglycerols have attracted special in-
terest because of their role in cellular signal transduction by
activating protein kinase C, an event that takes place in the
plasma membrane (Ganong et al., 1986). Low levels of 1,2-
diacylglycerol incorporate into phosphatidylcholine bilayers
and adopt a conformation that is similar to the host phos-
pholipid and different from the glycerol conformation in its
own B’ crystalline state (Hamilton et al., 1991; Smith et al.,
1992). Diacylglycerols can disrupt the lamellar structure of phos-
pholipid bilayers to form a hexagonal phase (Siegel et al., 1989;
Epand et al., 1988; de Boeck and Zidovetzki, 1992). In unusual
cases in nature such as the insect lipoprotein lipophorin, dia-
cylglycerols exist in a separated diacylglycerol-rich phase (Sou-
lages et al., 1994).

Acylglycerols exist in a variety of polymorphic forms,
among which ' and a forms are the most commonly en-
countered (Chapman, 1962; Larsson, 1966a,b; Pascher et al.,
1981; Small, 1986; Dorset and Pangborn, 1988; Di and
Small, 1993). Complete understanding of the properties of
acylglycerols in biological systems, such as molecular in-
teractions and conformations, requires knowledge of the mo-
lecular arrangements of acylglycerols in their polymorphic
states. Various acylglycerols have been studied by calorim-
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etry and x-ray diffraction (Small, 1986); however, only a few
acylglycerols in their 8’ forms have been determined by
single-crystal x-ray diffraction or electron diffraction (Lars-
son, 1966b; Hybl and Dorset, 1971; Dorset and Pangborn,
1988; Pascher et al., 1981). From the limited structural data,
it is believed that the molecular conformations in the crys-
talline structure are strongly dependent on the number and
position of the acyl chains, and less so on chain length.

C-13 magic angle spinning nuclear magnetic resonance
(MASNMR) is a powerful method for the study of ordered
phases of lipids that is complementary to crystallographic
method and provides details of molecular organization, con-
formation, and interactions in crystalline lipids (Hamilton
et al., 1991b; Norton et al., 1985; Bociek et al., 1985; Guo
and Hamilton, 1993). C-13 MASNMR has the important ad-
vantage that single crystals are not required, and solids with
considerable disorder can be studied. Quantitative informa-
tion about molecular motions not obtainable with crystallo-
graphic methods can also readily be obtained with MAS-
NMR.

In the present work, C-13 MASNMR is used to study the
polymorphism of four diacylglycerols (1,2-dimyristoyl-sn-
glycerol (d-DMG), 1,2-dimyristoyl-rac-glycerol (r-DMG),
1,2-dipalmitoyl-sn-glycerol (DPG) and 1,3-dimyristoyl-
glycerol (1,3DMG)) and two monoacylglycerols (1-
myristoyl-sn-glycerol (MMG) and 1-palmitoyl-sn-glycerol
(MPG)). These six acylglycerols each exhibit at least two
crystalline phases (o and B'). Unambiguous crystal struc-
tures have been reported only for the B’ phase of DPG
(Pascher et al., 1981). Bromine-substituted analogues of
1,3DMG (Hybl and Dorset, 1971) and 1-mono-sn-
undecanylglycerol in the B’ phase were reported as structural
models for the corresponding acylglycerols. We obtained
high-resolution C-13 spectra of each solid state of all these
acylglycerols in various polymorphic forms by the standard
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cross-polarization (CP) transfer with magic angle sample
spinning (CPMAS). Differential internal mobilities were
studied by linewidth measurements and by dephased CP-
MAS. To study molecular conformations, the chemical shift
anisotropies of the carbonyl carbons were measured by slow
spinning CPMAS. The relationship between the C-13 spec-
troscopic measurements and the molecular structures and
mobilities is discussed.

MATERIALS AND METHODS

MMG, and MPG, d-DMG, r-DMG, DPG, and 1,3DMG were purchased
from Serdary Research Laboratory, Inc. (Port Huron, MI). Samples were
received as polycrystalline powder recrystallized from hexane. The purity
was checked by thin-layer chromatography TLC (chloroform:methanol,
97:3). There were no observable impurities found for MMG, MPG, and
1,3DMG before and after the NMR experiments. About 2-3% 1,3 isomers
were found in d-DMG, DPG and r-DMG before and about 5% after the NMR
experiments. No further purification was performed on any samples used in
the current work.

MASNMR measurements were performed on a Bruker (Billerica, MA)
AMX-300 (75 MHz for C-13, 7.05 T) equipped with a BL7 MAS probe and
a high-power amplifier unit. Samples were placed in 7-mm ZrO, rotors.
Sample spinning rates were 4.5 KHz for high-resolution spectra in the solid
states, 1.7 KHz in the isotropic liquid state and in the slow spinning ex-
periments for the spinning sideband study in the solid states. Typical de-
coupling power was ~50 KHz for the solid state and reduced to ~20 KHz
for the liquid state; a duty cycle of =1% was used for all experiments. For
crystalline samples, single-contact cross polarization from the H-1 reservoir
to C-13 spins was employed to increase the C-13 sensitivity and shorten the
effective C-13 relaxation time (Fyfe, 1983). The typical spin-lock field was
~50 KHz with the cross polarization transfer contact time of 1 ms and the
pulse interval of 7 s. For the dephased CPMAS, a dephasing delay was
inserted between the CP contact and the data acquisition to allow the C-13
signal decay through the C—H dipolar relaxation. The dephasing delays of
42, 50, and 150 us were used to differentiate the molecular motions. For
isotropic states, a standard single 90° (5 ps) pulse proton-decoupled C-13
MASNMR experiment was used, and the pulse interval was typically 7 s.
The C-13 chemical shifts were all referred to the carbonyl carbon peak of
glycine (176.06 ppm from (CH,),Si) as an external reference. Spectra were
typically obtained over 2K time domain points and were zero-filled to 8K,
giving a spectral digital resolution of about 2.0 Hz. Sample temperatures
were controlled to within £1°C with the Bruker B-VT-1000 variable tem-
perature unit. The probe temperature was calibrated as described before
(Guo and Hamilton, 1993). Samples were allowed to equilibrate at desired
temperature for 15-20 min before data acquisition.

X-ray powder diffraction patterns were recorded using nickel-filtered
CuK-a radiation from an Elliot GX-6 rotating-mode generator (Elliot Au-
tomation, Borehamwood, UK) equipped with cameras using Franks double-
mirror optics (Franks, 1958). The samples were packed into 1.0-mm di-
ameter Lindeman capillaries (Charles Supper, Natick, MA), sealed, and
examined in variable-temperature sample holders. The sample-film distance
was calibrated by using the data of a standard material (crystalline cho-
lesteryl myristate).

Differential scanning calorimetry experiments were carried out on a
Perkin-Elmer DSC-7 (Norwalk, CT). Samples (1.5-5 mg) were sealed in a
stainless-steel pan. An empty pan was used as a reference sample. Heating
and cooling rates were 5°C/min. The machine was calibrated by using the
data obtained for high-purity standard material (indium).

RESULTS
Identification of crystal forms of acylglycerols

Acylglycerols exhibit polymorphism because subtle differ-
ences in chain packing can be produced by varying the ther-
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mal history or the organic solvent for recrystallization. The
phase transition temperatures for all the acylglycerols used
in this work were measured by differential scanning calo-
rimetry (Table 1). The melting temperatures for the corre-
sponding acylglycerols available from the literature are listed
for comparison. The « phase was readily identified because
it formed from the isotropic (Iso) phase during cooling, and
was characterized by lower melting temperatures compared
with the solvent-recrystallized forms. It was difficult to iden-
tify B’ and B phases based on the melting behavior because
they both recrystallize from organic solvents and the melting
points are close to each other. Therefore, x-ray short-spacing
data were measured for selected samples, MPG, DPG, and
1,3DMG, for identification of the phase (Lutton, 1950). The
high-melting form of DPG was characterized by two strong
diffraction lines at 4.21 and 3.80 A, and high-melting forms
of MPG and 1,3DMG were characterized by three strong
diffraction lines at 4.27, 3.97, and 3.71 A. These results sat-
isfied the criteria for B’ phase (Larsson, 1966a). The low-
melting form for all the acylglycerols has only one strong
diffraction at 4.15 A, corresponding to the a form (Larsson,
1966a). In addition, 3, B', and a phases are also characterized
by triclinic, common orthorhombic, and hexagonal chain
packing, respectively (Larsson, 1966a). Early MASNMR
studies showed that triclinic chain packing was characterized
by a C-13 chemical shift of 34.5 ppm for the interior meth-
ylenes of the acyl chains, substantially higher than any other
chain-packing patterns (=33.6 ppm, VanderHart, 1981). All
the solvent-recrystallized crystalline forms used in this work
gave a chemical shift in the region of 32.5-33.5 ppm (Table
2), for the interior methylenes, which clearly indicated that
they were in 3’ form instead of B phase.

General features of the C-13 spectra
1-monoacyl-sn-glycerol (MAG)

The C-13 MASNMR spectra of the Iso (liquid) and crys-
talline (a, sub-a, and B’) phases of MPG are shown in Fig.
1, A-D, respectively. The corresponding Iso, «, and B’
phases of MMG (not shown) gave the same spectral features
as those in the MPG; there is no sub-« phase for MMG. In
the Iso phase (Fig. 1 A), peak assignments for carbons in the
acyl chain were based on the assignments of solution spectra
of acylglycerols in the literature (Bociek et al., 1985). Car-
bons in the glycerol backbone (designated as G1, G2 and G3)
were assigned by the following considerations. First, a DEPT

TABLE 1 The phase transition temperatures (°C) from
DSC analyses

Compound TB'-I TI-a Ta—sub—a Tsuba—a Ta-l
MMG 65.1, 67.5*%, 70.5* (B) 49.5 52.8
MPG 77.46, 74.0%, 77.0* (B) 64.6 356 43.8 67.7

d-DMG 57.8, 59.0* (B) 349 38.1, 37.5*
r-DMG 55.6, 54* 34.2 379
DPG 70.2, 70.1* 47.5 513
1,3DMG 67.6, 63.0*

*Data from Small, 1986 *data from Kodali, 1990.
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TABLE 2 Chemical shift values (ppm) of acyl glycerides in various phases

MMG r-DMG

Carbon Liquid a Phase B’ Phase Carbon Liquid « phase B’ phase

G1 65.5 65.6 63.7(A), 63.0(B) Gl 62.8 63.5 62.6

G2 70.6 70.6 69.0, 67.9 G2 72.5 72.6 73.7

G3 63.8 63.9 61.4(B), 60.9(A) G3 61.2 61.1 61.5

C=0 173.8 173.7 174.9(B), 172.9(A) sn-1 (sn-3)-C=0 172.9 173.0* 175.5

C2 343 34.2 34.6 sn-2-C=0 172.8 173.0* 173.5

C3 252 26.1 26.6 C2 34.3,34.1 342 35.5¢

C4-C10 30.1 329 335 C3 252,251 26.4 27.8, 26.7

Cl1 29.7 326 335 C4-C10 30.1-29.7 328 32.6

C12 322 324 335 C11 29.5

C13 229 239 25.1, 244 C12 322

C14 14.1 14.3 15.0, 14.6 C13 229 242 24.6
C14 14.1 14.2 14.9, 14.5

MPG DPG

Carbon Liquid a phase sub-a phase B’ phase Carbon Liquid o phase B’ phase

Gl 65.5 65.6 64.0 63.7, 63.0 Gl 62.8 63.5 62.6

G2 70.6 70.6 70.5 68.9, 67.8 G2 72.6 72.6 73.6

G3 63.8 63.9 64.3 61.3, 61.0 G3 61.3 61.2 61.4

C=0 173.8 173.6 173.6 1749, 172.9 sn-1-C=0 172.9 173.0* 175.5

c2 343 34.2 342 346 sn-2-C=0 172.8 173.0* 1733

C3 25.2 26.1 26.1 26.6 c2 344,342 343 35.5%

C4-C12 30.1 329 325 334 C3 25.2,25.1 26.4 27.7, 26.7

C13 29.6 32.6 325 334 Cc4-C11 30.0-29.7 32.9 325

Cl4 322 326 325 334 C12 29.5

C15 229 239 24.6 25.1, 240 C13 322

C16 14.1 14.3 14.7 15.0, 14.6 C15 229 24.1 245
Cl6 14.1 142 14.8, 14.4

d-DMG 1,3DMG
Carbon Liquid « phase B’ phase Carbon Liquid B’ phase

Gl 62.8 63.7 62.6 Gl 65.3 66.7*

G2 72.5 72.5 73.6 G2 68.2 66.7*

G3 61.3 61.1 61.4 G3 65.3 66.7*

sn-1-C=0 172.9 172.8* 175.5 C=0 173.1 175.8 (1), 173.4 (3)

sn-2-C=0 172.8 172.8* 173.4 C2 342

C2 34.3, 34.1 342 35.4% C3 252 273

C3 252,251 26.3 27.8, 26.7 C4-C10 30.0-29.7 33.7

C4-C10 30.0-29.7 328 335 C11 295

C11 29.5 C12 323

C12 322 C13 229 25.7, 24.9%

C13 229 242 24.5 Cl4 14.1 15.1

C14 14.1 142 14.8, 144

*Peaks superimposed on each other.

# There should be two C2 peaks belonging to sn-1 and sn-2 chains; it is likely that another one is buried under the broad signal of the main chain.

§ Tentative assignment.

(distortionless enhancement by polarization transfer) experi-
ment (Harris, 1986) was used to detect the single-
protonated carbon G2 (70.6 ppm) in the Iso phase (spec-
trum not shown). Of the two other glycerol carbon peaks,
the peak at higher field (63.8 ppm) is tentatively assigned
to be G3 assuming that the hydroxyl group provides stron-
ger shielding than the ester group, and the peak at 65.5
ppm is thus assigned as G1. Assignments in the solid-state
spectra were made by assuming that the chemical shifts
of the solids correlate closely with those of the Iso state
(Table 2). This assumption is usually true when the peaks
in the solid state are well separated (Dalling et al., 1981),
as in the current case.

Comparison of the spectra in Fig. 1 also shows the fol-
lowing important points. 1) In the Iso, a, and sub-«

phases (Fig. 1, A-C), there is one peak corresponding to
each carbon, whereas in the B’ phase there are two sets
of peaks for several carbons, notably the C=0, G1, G2,
G3, and «wCH, and (w—1)CH, carbons (Fig. 1 D); 2) the
chemical shift of most carbons is dependent on the mo-
lecular arrangement, i.e., the shielding environment sur-
rounding the individual carbon in each phase, and is thus
characteristic of the phase; 3) the observed linewidths
increase in the order of Iso < @ < ' <« sub-a phase;
linewidth differences are greater for the protonated car-
bons (except for the CH,) than for the nonprotonated car-
bons; 4) when the a or sub-a phase is converted into the
B’ phase upon cooling, the new phase gives an identical spec-
trum as the B’ phase crystallized from organic solvent; 5) tem-
perature changes did not affect the chemical shift or the linewidth
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FIGURE 1 The C-13 MASNMR spectra of MPG in (A) Iso (80°C); (B)
a crystalline (50°C); (C) sub-a, crystalline (25°C), and (D) 8’ crystalline
phases (25°C). Spectra of crystalline phases (8’, a, and sub-a) were ob-
tained with a single-contact cross-polarization transfer experiment with the
sample spinning 4.5 KHz at the magic angle. The spectrum for the Iso phase
was obtained with a standard single-pulse proton-decoupled C-13 experi-
ment with sample spinning 1.7 KHz at the magic angle. In all cases, a pulse
interval of 7 s was used. All spectra were processed without line broadening
(as in the following figures) after 400 scans. The same experimental con-
ditions were maintained in Figs. 2 and 3.

unless a phase transition occurred. These observations also apply
to the diacylglycerols studied in this work.

1,2-diacylglycerol (1,2DAG)

Three different 1,2DAGs were studied in the present work:
d-DMG, r-DMG, and DPG. The C-13 MASNMR spectra of
the Iso, «, and B’ phases of d-DMG are shown in Fig. 2.
Corresponding spectra of -DMG and d-DPG were indistin-
guishable from those of d-DMG and are not shown. For
r-DMG, the melting point of the hexane-recrystallized B’
form is about 2°C below that of the d-DMG (Table 1). The
identical C-13 NMR spectra for that in the B’ phase of
d-DMG and r-DMG suggest they have similar molecular
packing patterns. Probably in the r-DMG, the d- and
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FIGURE 2 The C-13 MASNMR spectra d-DMG at (A) Iso phase (60°C),
(B) a crystalline phase (30°C), and (C) B’ crystalline phase (25°C).

l-isomers are arranged in separated layers, and within each
layer they are packed in the same pattern as that in d-DMG.
The long spacing in 8’ and a forms are 38.8 A and 44.4 A,
respectively, for -DMG (Howe and Malkin, 1951) and 39.1
* 0.3 A and 43.4 = 0.7 A for d-DMG (Kodali et al., 1990),
also implying that r-DMG has the same crystalline structure
as the individual isomers. For r-DMG, the a-Iso phase tran-
sition temperature is about that same as that in d-DMG, but
as a phase melted, the recrystallization of B’ phase was not
observed, probably because the nucleation and growth of the
B’ structure within the a phase was hindered by the coex-
istence of d- and l-isomers.

The chemical shifts of these three 1,2DAGs are listed in
Table 2. The peak assignments for carbons other than the
C=0 groups were made by the same strategy as for MAG
and agreed with the reported assignments for DPG (Bruzik
et al., 1990). From the Iso phase to «a phase, every carbon
peak broadened significantly (Fig. 2 B). Similar linebroad-
ening in the « phase (compared with Iso or B’ phase) has also
been shown in triacylglycerols (Bociek et al., 1985). In the
B’ phase (Fig. 2 C), the corresponding peaks were narrower
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than those in the o phase. For the d-isomers, the 8’ phase also
formed when the a phase was melted (Albon and Craievich,
1990); the C-13 spectrum of the B’ phase thus formed was
the same as that recrystallized from hexane. The two methyl
groups gave only one signal in the Iso and «a phases, but in
the B’ phase they are observed as two individual peaks. The
chemical shifts of the carbonyl resonances in the Iso phase
agree with those reported previously (Hamilton et al,
1991a). The small separation between the sn-1 and sn-2 car-
bony! carbons in the Iso phase (0.1 ppm) increased to ~2
ppm in the B’ phase (Table 2); the two carbonyls were not
resolved in the a phase.

The carbonyl carbons of d-DPG were assigned by adding
DPG with C-13 enrichment of the sn-2 carbonyl to natural
abundance d-DPG. The C=0 peak at higher field in both Iso
and B’ phases was enhanced and thus assigned to the sn-2
C=0 (Table 2). DPG at natural abundance gave a single
broad C=0 peak in the a phase, which was unaffected by
addition of sn-2 C-13 enriched DPG. The assignment of sn-1
and sn-2 C=0 peaks is assumed to be the same in other
1,2DAG.

1,3-diacyl! glycerol (1,3DAG)

The C-13 MASNMR spectra of 1,3DMG in the Iso and B’
phases are shown in Fig. 3, A and B, respectively. There is
no « phase detected for this compound (Baur et al., 1949).
The melting point of the B’ phase formed from the melted

Iso phase

A

|

B
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(CH)y

= @ VJJ\\M CHj;
S g
33

SSB

Ad,

R R R R RN RN R
175 150 125 100 75 50 25

ppm from (CH3) 4Si

FIGURE 3 The C-13 MASNMR spectra 1,3-DMG in the (A) Iso phase
(70°C) and (B) B’ crystalline phase (25°C).
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Iso phase was 1-2°C lower than that of the B’ phase crys-
tallized from hexane because of subtle differences in the
chain tilt angles (Kodali et al., 1990). However, the thickness
of the glycerol region, obtained by extrapolating the long
spacing versus the acyl chain length to the zero, is not signifi-
cantly different in these two forms (Kodali et al., 1990). The
C-13 resonances of these two B’ forms were also identical.

In the Iso phase, the chemically equivalent carbonyls and
glycerol carbons gave single peaks (Fig. 3A). In the 8’ phase,
the two chains become structurally inequivalent, and sepa-
rate peaks were observed for the two C=0 groups (Fig. 3
B). The three glycerol backbone carbons all merged into one
broad, asymmetrical peak. Peak assignments were made as
described above; the chemical shifts and assignments are
listed in Table 2.

Dephased CPMAS spectra

In a dephased CPMAS experiment, the decoupler is switched
off for a short delay time between the end of the contact pulse
and the start of the signal acquisition. During the delay, the
C-13 magnetization decays most rapidly for carbons that are
strongly dipolar-coupled to protons. Since the C—H dipolar
interaction depends on 1., >, the nonprotonated carbons
(e.g., C=0) are less affected by the dephasing delay. Mobile
carbons such as the wCH, will also be less affected because
the local dipolar field is significantly reduced by the rapid
internal motions. Figs. 4 and 5 give the dephased CPMAS
spectra of MPG, d-DMG and 1,3DMG in different phases.
The spectra for MMG and MPG were the same. Spectra
d-DPG and r-DMG were the same as that for d-DMG (not
shown). In all cases, the C=0 and wCH, peaks were not
significantly affected by the dephasing delay (=150 ps),
whereas the other carbons were affected differentially, de-
pending on their relative mobility.

For the B’ phase, a dephasing delay of 42 us completely
suppressed peaks from the glycerol carbons in MPG (Fig. 4
A), d-DMG (Fig. 4 B) and 1,3DMG (Fig. 4 C), implying that
the glycerol backbone is very rigid in all three cases. Silimar
results were found for MMG, r-DMG, and DPG. A small
residual signal from the acyl chains was observed for MPG
(Fig. 4 A) and 1,3DMG (Fig. 4 C) but not for d-DMG. These
residual acyl chain signals were completely suppressed when
the dephasing period was 50 us (Figs. 4, D and E). Therefore,
the acyl chains are also very rigid, but the mobility increases
slightly in the order of d-DMG < 1,3DMG < MPG.

Fig. 5 shows the dephased CPMAS spectra for MPG and
d-DMG in the a phase, as well as MPG in sub-a phase. The
same characteristics were observed for MMG, r-DMG and
DPG, respectively. For MPG, all peaks are observed with a
42-us delay period (Fig. 5 A). The peak intensities from the
G1 carbon and the acyl chain are significantly reduced com-
pared with those without a dephasing delay (Fig. 1 B),
whereas G2 and G3 carbons are much less affected. With a
150-ps dephasing delay, all the protonated carbon peaks
were further suppressed, but G1 and the acyl chain carbons
were much more suppressed than G2 and G3 carbons (Fig.
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FIGURE 4 Thedephased CPMAS spectra of acylglycerols in the 8 phase
(25°C): (A) MPG, with a 42-us dephasing delay; (B) MPG, 50 us; (C)
d-DMG, 42 us; (D) 1,3-DMG, 42 pus; (E) 1,3-DMG, 50 us. The number
of scans was 1K for each spectrum; other conditions are the same as shown
in Fig. 1.

5 B). In the sub-a phase, except for the C=0 and wCH,, all
peaks were almost completely suppressed with a 42-us delay
period (Fig. 5 C), as for the B’ phase.

In the a phase of d-DMG (and r-DMG, DPG:; spectra not
shown), a 42-us delay completely suppressed peaks from G1
and G2 to an indetectable level, but not those from G3 and
the acyl chains (Fig. 5 D), implying that G1 and G2 carbons
are more rigid than G3 and the other acyl chain carbons.
Increasing the delay time to 150 us further suppressed these
peaks; notably, peaks G3 and C3 almost completely disap-
peared (Fig. 5 E). Therefore, d-DMG molecules have an
overall higher mobility in the a phase than in the B’ phase,
but a lower mobility than MPG in its a phase. The acyl chains
of d-DMG are incorporated into the hexagonal sublattice;
this appears to immobilize the G1 and G2 carbons and sig-
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FIGURE 5 The dephased CPMAS spectra of acylglycerols in the a phase
or sub-a phase: (A) MPG (a phase at 50°C) with a 42-us dephasing delay;
(B) MPG (a, at 50°C), 150 us; (C) MPG (sub-a, at 25°C), 42 us; (D)
d-DMG (a, at 30°C), 42 ps; (E) d-DMG (a, at 30°C), 150 us. The number
of scans was 1K for each spectrum, other conditions are the same as in Fig. 1.

nificantly reduce the mobility of G3 carbon (compared with
the unesterified glycerol backbone carbons G2 and G3 in
MPGQG). The characteristic features of these dephased CPMAS

‘spectra in both B’ and a phases are not significantly affected

by increasing the temperature (spectra not shown).

Chemical shift anisotropies (CSA) of the carbonyl
carbons in the acyiglycerols

The carbonyl carbons of acylglycerols are located in key
positions within the molecule, and knowledge of their chemi-
cal shift tensors can provide detailed information about mo-
lecular conformation. However, this information is removed
by fast MAS as performed above. The nonspinning solid-
state spectrum yields a powder pattern that carries the in-
formation of CSA, but such a spectrum usually exhibits a
very low signal-to-noise ratio for carbon nuclei with large
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CSA values. As an alternative method, with slow MAS spin-
ning, high-resolution spectra can be obtained with the center
peak flanked on both sides by sidebands spaced at the spin-
ning frequency. The chemical shift tensors can be recovered
from the intensity distribution of the spinning sidebands
(Herzfeld and Berger, 1980).

Fig. 6 shows the slow-spinning MAS spectra of the car-
bonyl carbon of the acylglycerols. For MPG in the 8’ form,
there are two center peaks for the carbonyl carbons repre-
senting the crystallographically nonequivalent molecules as
described above, each flanked by its own spinning side band
(SSB) pattern (Fig. 6 A). With nonspinning solid-state NMR,
the two nonequivalent carbonyl carbons would not be re-
solved, and accurate CSA values could not be determined. In
the a phase of MPG, only one center peak is observed for
the carbonyl carbon, and with slow MAS, it is also flanked
by its SSB (Fig. 6 B). For MMG, 1,2DAG and 1,3DMG in
the B’ phase, spectral features of the carbonyl peaks with
slow MAS were similar to those of 8’ phase MPG (Fig. 6 A)
and are thus not shown. For the a phase of d-DMG (as well
as -DMG, DPG), signals from the two chemically non-
equivalent carbonyl carbons are observed as one broad peak,
also flanked by its SSB (Fig. 6 C).

The three chemical shift tensors (o, < 0, < 03;;), the
chemical shift anisotropy (Ao = 03, — 07;), and the p factor
[p = (o + 033 — 2 0,)/(03; — 0,)] were calculated by
fitting the individual intensities of the SSB to functions of
chemical shift parameters (Herzfeld and Berger, 1980). The
results are listed in Table 3 A (the B’ phase at 25°C), Table

o phase(d- DMG) C

o phase (MPG) B
B’ phase (MPG) A

T ] T T71 l T l&)] ; () ] T 1T T i 17 ] ) ' A | ] ¥ 3 ]
240 220 180 160 140 120 100
ppm from (CHy),Si

FIGURE 6 Carbonyl region of the slow spinning CPMAS spectra of (A)
MPG, B’ phase (25°C); (B) MPG, a phase (50°C); and (C) d-DMG, a phase
(30°C). The spinning rate was 1.7 KHz and number of scans was 1K; other
conditions are the same as shown in Fig. 1.
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TABLE 3 The chemical shift tensors (ppm) of the carbonyl
carbon in the acylglycerols (error ~ 10%)

(A) B’ phase at 25°C

Compound oll a22 o33 Ao p
MMG C=0(B) 130.7 140.0 254.0 122.9 0.85
C=0(A) 132.2 1334 2533 1211 0.98
MPG C=0(B) 127.5 132.7 264.5 135.0 0.92
C=0(A) 129.0 129.2 260.4 1314 1.00
d-DMG sn-1 114.2 159.3 253.0 138.7 0.35
sn-2 108.8 154.2 257.5 1428 0.38
DPG sn-1 116.4 157.6 252.6 136.2 0.40
sn-2 115:2 157.4 247.7 1324 0.36
1-DMG sn-1(sn-3) 113.8 157.9 254.8 141.0 0.37
sn-2 110.5 154.7 255.0 1444 0.39
1,3DMG C=0(1) 124.2 1443 258.0 1338 0.70
C=0(3) 131.6 134.1 254.8 123.3 0.97

(B) a phase at 25°C

Compound all a22 033 Ao p
MMG 127.9 129.9 263.2 135.5 0.97
MPG 134.9% 1349  251.0% 1162+ 0.99*

120.0* 141.2* 260.3* 140.3* 0.70*
d-DMG 126.9 1475 244.0 117.1 0.65
DPG 132.1 150.6 253.8 103.7 0.65
-DMG 1284 147.1 243.0 1146 0.67
(C) B’ phase at different temperatures
oll 022 o33 Ao p

MMG C=0(B)

25°C 130.7 140.0 254.0 123.2 0.85

44°C 126.4 139.9 255.0 128.6 0.80

52°C 133.2 138.3 254.1 120.0 0.92

58°C 1349 136.8 253.0 118.2 0.97
MMG C=0(A)

25°C 132.2 133.4 2533 121.1 0.98

44°C 131.5 131.6 255.5 124.0 0.99

52°C 133.1 1348 250.8 117.6 0.97

58°C 1334 135.0 250.4 117.0 0.99
d-DMG sn-1

25°C 114.2 159.3 253.0 138.7 0.35

41°C 117.8 154.0 254.8 137.0 0.47

47°C 127.6 146.3 252.6 124.9 0.70

53°C 133.1 1454 248.2 117.5 0.79
d-DMG sn-2

25°C 108.8 154.2 257.5 142.8 0.39

41°C ©o1121 154.0 254.0 1419 0.41

47°C 113.2 148.9 258.0 1448 0.51

53°C 114.1 1494 256.7 142.6 0.51
1,3DMG C=0(1)

25°C 124.2 1443 258.0 1338 0.70

45°C 122.2 147.6 256.8 134.6 0.62

56°C 122.6 146.2 257.7 135.1 0.65
1,3DMG C=0(3)

25°C¢ 131.6 134.1 254.8 123.2 0.97

45°C 131.5 133.8 255.1 123.6 0.96

56°C 131.6 132.3 256.9 125.5 0.99

*Data belong to the sub-a phase, 25°C
* Data acquired at 50°C.

3 B (the o phase at 25°C), and Table 3 C (B’ phase at different
temperatures). Inspection of data in Table 3 shows 1) the
absolute values of Ao values for all the crystalline acyl-
glycerols are relatively large (=100 ppm); 2) for the B’ phase
of MAG, for which carbonyl signals are seen for the crys-
tallographically inequivalent molecules, the Ao of the up-
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field C=0 peak is axially symmetrical, whereas the down-
field peak is axially asymmetrical at 25°C, but approaches
axial symmetry as the temperature is increased; 3) for the 8’
phase of 1,3DMG, for which two carbonyl signals are seen
for the same molecule, the Ao of the upfield C=0 peak is
also axially symmetrical, but the downfield one is axially
asymmetrical and does not change significantly as the tem-
perature is increased; 4) for the a phase of MMG and MPG,
only one C=0 peak is observed, and the Ag is axially sym-
metrical; however, for MPG in sub-« phase, the C=0 peak
is broad, Ao is axially asymmetrical; and 5) for d-DMG,
r-DMG, and DPG, Ao values are similar to each other, and
are all axially asymmetrical in both 8’ and « phases.

DISCUSSION
1-monoacyl-sn-glycerol

The high-resolution MAS spectra of crystalline MMG and
MPG provide information about both the crystal structural
organization and molecular motions. In the B’ phase, two sets
of carbon signals in the glycerol moiety (G1, G2, G3, and
C=0) and the terminal carbons ((w—1)CH, and wCH,) are
seen (Fig. 1 D). The twin peaks represent the two crystal-
lographically nonequivalent molecules, as previously ob-
served for other lipids (Guo and Hamilton, 1993). Assuming
that MAG has the same structure as the 1-mono-sn-glycerol
of 11-bromoundecanoic acid in the B’ phase (Larsson,
1966b), two symmetrically nonequivalent molecules (A and
B) in the B’ phase of MMG and MPG are expected. Such an
assumption is generally acceptable, because compounds with
the terminal methyl groups replaced by bromine atoms often
crystallize isotypically with the corresponding unsubstituted
compounds. A slightly greater chain tilt is sometimes re-
quired for the bromine-substituted glycerides in order to ac-
commodate the bulky bromine atom (Kodali et al., 1990).
Assignments of NMR signals to the nonequivalent molecules
can be made by reference to the single-crystal x-ray diffrac-
tion data. The differences in orientation and chemical bond
length between molecules A and B are slight but significant,
as described in the literature (Larsson, 1966b). Since the
carbons in the glycerol moiety are all directly bonded to
oxygen atoms, which have the largest electronegativity in the
molecule, in each twin set the more shielded (upfield) reso-
nance is assigned to the carbons with shorter C—O bond
length (Table 2). Such an assignment is straightforward for
C=0 and G1 because they are located inside the layered
structure surrounded by hydrocarbons. Since G2 and G3 are
located at the interlayer region and involved in the H-bonded
network to maintain a head-to-head molecular arrangement
(Fig. 7 A), their shielding is more susceptible to the through-
space interactions by the surrounding nonbonded oxygens.
The substantial chemical shift differences between the two
signals for G2 indicates that the internuclei distances be-
tween G2 and its surrounding nonbonded oxygens must be
significantly different in the A and B molecules. Rigorous
assignments would require knowledge of the conformation
of each OH group in the nearest neighbor of G2 and G3.
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FIGURE 7 The crystalline structures of various acylglycerols or closely
related derivatives in the B’ phase obtained by single-crystal x-ray diffrac-
tion: (A) 1-sn-monoacylglycerol, (Larrson, 1966); (B) 1,2-dipalmitoyl-sn-
glycerol, (Pascher et al., 1981); (C) 1,3-11-Br-diundecanoyl-glycerol (Hybl
and Dorset, 1971). (O) Carbon atoms; (®) Oxygen atoms. Protons are not
shown; the Br atoms in (A) and (C) are also shown (@).

A4

The observation of two signals for the terminal carbons
(w—1)CH, and wCH, implies that one chain is extended far-
ther outside the layer than its nearest neighboring chains.
Because the terminal group in the model compound is modi-
fied by a bromine nucleus, a definitive single-crystal study
of a long-chain MAG with an even number of carbons is
needed to understand the precise molecular arrangement in
the terminal region. The carbon signals from the interior
methylenes of the acyl chain for both A and B molecules are
superimposed and give a chemical shift value of 33.5 ppm,
which agrees closely with the values observed for n-alkanes
packed in the common orthorhombic sublattice (33.6 ppm,
VanderHart, 1981).

A comparison of the chemical shift values of 8’ phase with
those in the Iso liquid is also informative as to structural and
dynamic features of crystalline MMG and MPG. On going
from the B’ to the Iso phase: 1) the inequivalence between
molecules A and B of the crystal is lost and all the twin
signals for the same carbon (e.g., C==0, G1, G2, G3, (w—1)-
CH, and wCH,) merge into a single signal; 2) the intermo-
lecular hydrogen bonding network, which results in the or-
dering and close packing of the glycerol moiety in the 8’
phase and causes a larger shielding on G1, G2, and G3 car-
bons, is disrupted, and the signals for the glycerol carbons
move downfield by 1.6-3.0 ppm; 3) the all-trans conforma-
tion of the acyl chain in the B’ form is replaced by random
conformations undergoing fast trans-gauche exchange, and
upfield shifts for the (CH,), as well as the (w—1)CH, and
«CH, resonances are seen; 4) the C=0 peak in the Iso phase
resonates between the twin peaks observed in the B’ phase.
According to Larsson (1966b), the planes through the C=0
groups are twisted by 5° and 19° for molecules A and B in
the B’ crystal from the corresponding planes through the
zigzag chains, so that the C=O0 bond in A is more com-
pressed (1.19 A) than in B (1.25 A). Therefore, C=0 (A) is
more shielded. In the Iso phase, the intermediate bond length
(1.23 A; Weast, 1972) might produce an intermediate chemi-
cal shift.
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Single-crystal data for the « phase of monoacylglycerol
were not available, but x-ray powder diffraction studies show
hexagonal packing of the acyl chains with nonspecific chain-
chain interactions. The thickness of the head groups, the pro-
jected length of the interior methylene groups, and the tilt
angle appear to be very similar for the 8’ and the « phases
(Kodali et al., 1985). However, the C-13 chemical shifts of
the glycerol region (e.g., C=0, G1, G2, G3, C2) are almost
identical in the Iso and the o phases and different from the
B’ phase (Table 2). In addition, corresponding peaks are only
slightly broader in the « phase compared with the Iso phase
(Fig. 1). These NMR results demonstrate that all molecules
in the o phase are symmetrically equivalent, and that the
glycerol region must be loosely packed, with considerably
more disorder and mobility than in the B’ phase (Small,
1986). ;

The Iso phase of MAG contains domains of bilayers of
about 300 A as revealed by x-ray scattering (Small, 1986).
Such bilayers are more loosely arranged than the crystal and
fast exchange of molecules occurs between domains; the acyl
chains are completely disordered, but still maintain head-
to-head aggregation, a remnant of the structural features of
the a phase (Kodali et al., 1985). This explains the similarity
of the chemical shifts of the glycerol region between the o
and Iso phases. In the « phase, the chemical shift of the
interior methylenes of the chain (C4-C12, 32.6 * 0.3 ppm)
is between that of the 8’ and the Iso phase. A similar chemi-
cal shift was observed in other lipids with hexagonally
packed hydrocarbon chains (Meulendijks et al., 1989). Com-
pared with the Iso phase, the downfield shift of the C3 and
(w—1)CH, resonances in the « phase is likely to be caused
by the chain-packing effect, and the terminal methyl was not
affected due to its high mobility.

The mobility of monoacylglycerol molecules in crystalline
phases can also be analyzed by comparison of the dephased
CPMAS spectra with the normal CPMAS spectrum.
Whereas linewidths may contain contributions from chemi-
cal shift inhomogeneity and other sources besides molecular
motions, the dephased CPMAS experiment is directly related
to the rotating frame relaxation time T > & Tesonance with a
short T, is suppressed with a short dephasing delay. Al-
though T, contains contributions from both spin-spin and
spin-lattice interactions, the former is the most important in
the crystalline structures such as the B, sub-a, and a phases
under current investigation (Fyfe, 1983). Spin-spin interac-
tions between C-13 and H-1 are dominated by dipolar cou-
pling that is dependent on the molecular motions. In the 8’
phase, the peaks for all the glycerol carbons are completely
suppressed with a short dephasing delay (42 us, Fig. 4 A).
The peaks for the acyl chain (except wCH,), which are barely
observable, are completely suppressed by extending the de-
lay to 50 us (Fig. 4 B). In the a phase, the signal decay rate
(Fig. 5 A) is much less compared with that in the B’ phase
(Fig. 4 A), implying that the molecules in the « phase are
more mobile that those in the B’ phase. Similar observations
that the glycerol backbone carbons are more rigid than the
acyl chain carbons and that molecules in the 8’ phase are
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more rigid than in the « phase have been also reported for
some triacylglycerols (Bociek et al., 1985). In addition,
within the individual molecule in the a phase, signal sup-
pression is in the order G1 > (CH,), (n = 2-13) > G2 =~ G3.
Such an observation shows that the G1 carbon and the acyl
chain attached to it are less mobile than the G2 and G3 car-
bons, implying that the mobility of G1 is restricted by the
ordered chain packing. Since G2 and G3 are quite mobile in
the o phase (with slow dipolar relaxation; Fig. 5, A and B),
it is unlikely that these carbons are involved in any stable
intermolecular H bonding. The spectral features of the sub-a
phase of MPG are very different from that of both « and 8’
phases. Although each carbon has a single signal, every peak
is broad, especially the glycerol backbone signals (Fig. 1 C).
Each molecular segment is rigid (except @CH,), as shown by
the nearly total suppression of the signals with 42 ps in the
dephased CPMAS spectrum (Fig. 5 C). The structure of this
sub-a phase is unknown, but it is more ordered than the a
phase, and its mobility is comparable to that in the 8’ phase.

1,2-diacyl glycerol

The molecular conformation of DPG in B’ crystals deter-
mined by x-ray (Pascher et al., 1981) is shown in Fig. 7 B.
There are two identical molecules per unit cell; therefore,
only one C-13 signal is expected and observed (Fig. 2 C).
The molecules are arranged in a bilayer structure, with the
acyl chains aligned parallel and packed in the common or-
thorhombic sublattice; the acyl chain stacking is achieved by
a bend in the initial part of the acyl chains. The chemical shift
(32.5 %= 0.2 ppm) of the interior methylenes of the acyl chain
(C4-C12) is about 1 ppm upfield from that observed in
n-alkanes (VanderHart, 1981) or in MAG (Table 2) packed
in the same type of sublattice. Such an upfield shift is due
inpartto stronger interchain dipolar interactions in 1,2-diacyl-
glycerides (interchain distance of 4.88 A, Pascher et al.,
1981) compared with MAG (interchain distance of 5.16 A,
(Larsson, 1966b)). Additionally, acyl chains in 1,2DAG (Fig.
4 C) are more rigid than those in MAG (Fig. 4 A), which
results in an increase in shielding and a lower chemical shift.

The glycerol moieties of 1,2DAG are laterally linked by
intermolecular H bonding between the hydroxyl group on G3
carbon and the carbonyl oxygen on the sn-1 chain on an
adjacent molecule. From the Iso to the B’ phase, the chemical
shifts of G1 and G3 are not changed, whereas the G2 peak
moves downfield by about 1 ppm. This suggests that G1 and
G3 experience no significant shielding change in the B’ pack-
ing compared with the Iso phase. The lack of change in the
shielding for G3 could be explained by a persistence of strong
H bonding at the OH attached to G3 in the Iso phase. H
bonding of liquid 1,2DAG was also suggested by analyses
of the isotropic chemical shift in different solvent systems
(Hamilton et al. 1991b). The downfield shift of G2 is likely
due to the increase of C---O distances in the 8’ phase. Since
the sn-2 ester group is buried inside the bilayer, and the
distances between G2 and the surrounding oxygen atoms (the
OH and the two carbonyl oxygens) are maximized, the



1392 Biophysical Journal

shielding from the oxygen dipoles is reduced, compared with
that in the Iso phase. For similar reasons, the shielding on the
two carbonyl carbons is also reduced in the 3’ phase com-
pared with the Iso phase (Table 2). The chemical shift of the
two carbonyl carbons in the B' phase can also be explained
with reference to the crystal structure (Fig. 7 B). The sn-2
C=0 is buried among the rigid sn-1 hydrocarbon chains,
whereas the sn-1 C==0 is located at the interface and in-
volved as an electron donor in the H bonding. Therefore, sn-1
carbonyl carbon is less shielded and resonates downfield of
the sn-2 carbonyl carbon (Table 2).

The C3 methylenes from the two chains also exhibit dif-
ferent chemical shifts in the B’ phase (Table 2), reflecting a
different environment, as expected from the crystal structure
(Fig. 7 B). The sn-1 C3 is more shielded and assigned to the
upfield signal. From Fig. 2 C, it is also apparent that all the
methylene peaks (e.g., G1, G3, C3, etc.) are broader than
those of the nonprotonated (C=0), single protonated (G2),
and the terminal CH, groups. Similar differential linebroad-
ening was evident in the CPMAS spectrum of DPG reported
before, although not discussed (Bruzik et al., 1990). Such
linebroadening is observed for other crystalline lipids (Guo and
Hamilton, 1993), and is due to the less efficient decoupling for
the methylene carbons caused by interference between the di-
polar coupling and the decoupling field frequency.

There are no precise single-crystal data of 1,2DAG in the
a phase. X-ray and electron diffraction patterns of DPG were
more closely matched by several phospholipid structures
(Fig. 8) than by the B’ DPG structure (Dorset and Pangborn,
1988). Among these model phospholipids, the rotation about
the G2—G3 bond is not restricted, but the inclination of the
axis of the G2—G3 bond with respect to the layer normal is
dependent on the phosphate headgroup size (Pascher et al.
1981). Such differences are induced by the size and orien-
tation of the headgroup dipole; otherwise, the conformation

A B C

FIGURE 8 Model structures for 1,2-sn-diacylglycerol in the o phase: (4)
DLPE (Shipley, 1966); (B). DMPC, conformation I, (Pearson and Pascher,
1979); and (C) DMPC conformation II, (Pearson and Pascher, 1979). Rep-
resentations of atoms are the same as in Fig. 7.
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of the diacylglycerol moiety is very similar in both DMPC
molecules and is similar to that of 1,2-dilauroyl-sn-glycero-
3-phosphatidylethanolamine (DLPE) (Shipley, 1986).

The acyl chains of 1,2DAG in the a phase are packed in
a hexagonal sublattice (Dorset and Pangborn, 1988), and the
chemical shift of the interior methylene peak is the same as
that of MAG in the o phase, which is similarly packed. How-
ever, the linewidth of this peak is much greater than that of
MPG in the a phase. In addition, in the a phase of 1,2DAG,
1) G1 is shifted 1 ppm downfield, and G2, 1 ppm upfield (G3
does not change) relative to the 8’ phase, consistent with the
hypothesis that the glycerol moiety adopts different confor-
mations in these two crystalline phases (Dorset and Pang-
born, 1988). In the B’ phase the chemical shifts of G1 and
G3 are about the same as those in the Iso phase, but G2 is
about 1 ppm shifted downfield mostly because of the location
of this carbon is inside the bilayer. In the « phase, G2 and
G3 are located at the interface and give about the same
chemical shifts as those in the Iso phase, whereas G1 is lo-
cated inside the bilayer and is about 1 ppm downfield shifted
because of the changes of the magnetic susceptibility in the
local environment; 2) the two intrinsically inequivalent sn-1
and sn-2 C=0 carbons are seen as one broad peak, probably
because the difference in their chemical shifts is small com-
pared with the linewidth in the o phase; 3) there is a shoulder
on the right side of the G2 peak, implying that there is more
than one signal for this carbon; 4) all carbons (especially
those for C=0, G1, G2, C3 carbons) give broad linewidths
compared with those in ' phase (Fig. 2). Although the lin-
ewidths of d-DMG (« phase) are close to those of MPG in
its sub-a phase, the molecules are more mobile as indicated
by the dephased CPMAS spectra, implying different line-
broadening mechanisms; 5) the linewidth of the carbons in
the glycerol backbone follows the order G2 ~ G1 > G3.

Compared with the 8 phase, molecules in the « phase are
packed more loosely with no stable intermolecular H bond-
ing (Dorset and Pangborn, 1988). The differential linebroad-
ening observed for G1, G2, and G3 peaks is less likely to be
related to the mobility than a distribution of chemical shifts
(Adebodun, et al., 1992); i.e, the observed peaks (G1 and G2)
represent the average signal of several different conforma-
tions in intermediate exchange (107°-1072 s~1), whereas the
free rotation about the G2—G3 bond allows the shielding on
G3 to be highly averaged to give a narrow peak. These results
suggest that the glycerol backbone may actually undergo
constant reorientations among a few different but closely
related conformations, of which those shown in Fig. 8, A-C
have larger probabilities. The shoulder on the upfield side of
the G2 peak might correspond to conformation(s) other than
those represented by the mean peak.

The dephased CPMAS spectra of 1,2DAG in the 8’ phase
show that all carbons except the terminal CH, are rather rigid.
By comparison, in the a phase all carbons (except G1 and
G2) are quite mobile, consistent with the above interpretation
of linewidth data. This observation agrees with the assump-
tion that the linebroadening in the « phase is a result of
several coexisting conformations.
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1,3-diacyl glycerol

In the B’ crystalline structure, the molecules are packed in
a triclinic lattice with T parallel subcells and the acyl chains
extended on both sides of the glycerol moiety (Fig. 7 C, Hybl
and Dorset, 1971). The two carbonyl groups are inequivalent
and give different C-13 resonances, and the G1 and G3 also
become inequivalent (Fig. 3 B). The inequivalence of the
peak heights originates from the large difference in the cor-
responding CSA values (Table 3). Since the 0—C=0 (1)
is H bonded with the OH on G2 of its nearest lateral neighbor,
(Fig. 7 C), the redistribution of electron density through the
H bonds results in a downfield shift of the corresponding
O—C=0 (1) (175.8 ppm) and an upfield shift of the G2
carbon (see below). The O—C=0 (3) is not involved in the
H bonding, and its resonance shifted only slightly downfield
compared with that in the Iso phase. Other changes that occur
during crystallization, such as changes in conformation, mo-
bility, and interchain distance, might also affect the shield-
ing, although to a much lower and less straightforward ex-
tent. In the glycerol backbone, G1 and G2, but not G3, are
affected by the intermolecular H bonding. The formation of
H bonds increases the shielding on G2 but has less effect on
G1 and G3 (Table 2). Because the resonances of G1, G2, and
G3 are close to each other in the B’ phase, they appear to be
a broad and asymmetrical signal centered at 66.7 ppm. An-
other factor that might contribute to the linebroadening is the
disordering of the glycerol moiety (Hybel and Dorset, 1971).
However, this effect is small and contributes to only a small
distribution of chemical shifts and hence, an apparent line-
broadening. In the Iso phase, fast molecular motions narrows
the resonance and the nonequivalence of the two acyl chains
is lost. Only one C-13 signal was observed for each carbon
as expected (Fig. 3 A).

For the interior methylenes of the acyl chains, the chemical
shift is usually dependent on the chain-packing symmetry. In
the current case, the C-13 chemical shift of the interior meth-
ylenes (33.7 ppm, Table 2) is lower than that for n-alkane in
triclinic lattice (34.9 ppm, VanderHart, 1981), but the same
as for (1,2-sn-dihexadecylglyceryl)silatrane, whose acyl
chains also exist in a triclinic lattice (33.67 ppm, Meulendijks
et al., 1989). Strong intermolecular interactions through the
dipole-dipole interaction of the bulky polar head groups [1,2-
sn-dihexadecylglyceryl)silatrane] or through H bonds (1,3-
diacylglycerol) should make the acyl chains less mobile in
these lipid crystals than those in the n-alkane crystals, leading
to a greater shielding and lower chemical shift.

CSA

Because the carbonyls of acylglycerols are located in a
key region of the molecule and their interactions help
determine molecular conformations, we studied the car-
bonyl region in greater detail by CSA measurements. The
breadth of the anisotropy signal (Ao) is related to the sizes
and orientations of the three principle tensors, which is
in turn related to the motional modes. As shown in Table
3, Ao values for the C=0 carbon in all the acylglycerols
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studied are ~100 ppm, which implies that the molecules
in their crystalline states are undergoing some type of
anisotropic motion that is fast compared with yH Ao ~
10* s™! (Wittebort et al., 1981). However, since the Ao
values for the acylglycerols are all of the same order of
magnitude, the parameter of Ao itself is not sufficient to
differentiate the mobilities of the acyl chains in different
acylglycerols in different phases of the same molecule or
in the same phase at different temperatures.

When analyzed in terms of the axial asymmetrical factor
[p = (0 + 033 — 2 0,,)/(03; — 0y,)], the CSA data yield
information about the differential mobility provided that the
conformation is known. By definition, when p = 1, the shift
tensor is axially symmetrical (o, = 0,, # 73;). Since two
of the components are identical but different from the third,
a “unique axis” is implied; i.e., o3; (also called oy); corre-
spondingly, 0,; = 0, axes are called o, (Griffin, 1981). A
full breadth of the carbonyl CSA is 148 ppm (Wittebort et al.,
1981; Smith et al., 1992). For an axially symmetrical tensor,
the residual CSA (Aoy) is related to the static anisotropy
(Ao by

Aoy = Aog (3 cos?0 — 1)/2 6

where 6 is the angle between the unique shielding tensor axis
and the axis of motion (Wittebort et al., 1981; Griffin, 1981).
When p # 1, 0y, # 0,, # 03, Eq. 1 is no longer applicable,
and there is no simple correlation between the observed CSA
and the molecular motional effect on the conformation of
unique axis.

In the B’ phase, MAG shows two C=0 peaks reflecting
the two crystallographically nonequivalent molecules. The
upfield C=0 peak (A molecule) gives p(A) ~ 1, but the
downfield peak (B molecule) gives p(B) # 1. As the tem-
perature is increased in the B’ phase, p(A) does not change,
whereas p(B) increases to approach to the value of p(B) ~
1. This change of p(B) from axial asymmetry to axial sym-
metry probably reflects a change in the conformation of the
ester group. Because the ester groups are not involved in the
H bonding, a limited change in the conformation might take
place, causing p to approach the axial symmetrical value.
As mentioned above, in the B’ phase at 25°C the planes
through the carboxyl group in molecule B are twisted by
19° from the corresponding plane through the zigzag
chains. As the temperature approaches the B’-isotropic
phase transition temperature, it is possible that the crys-
talline structure expands and the carboxyl group in mol-
ecule B is gradually untwisted. The conformation of A
may also change, but not as significantly as that in B.
From Eq. 1, the calculated angle between the unique
shielding tensor axis (oy) and the axis of motion in mol-
ecule A is about 21 * 2°, and increases only very slightly
as the temperature increases. The angle for molecule B at
high temperature also falls into this range.

In the a phase of MAG, all molecules are equivalent, and
the Ao of the C=0 peak at 25°C is slightly larger than those
in the B’ phase. Because acyl chains pack differently in the
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o and B’ phases, resulting in a difference in the conforma-
tions of the ester groups, the CSA data for these two different
phases cannot be compared in a quantitative manner. By
using Eq. 1, the angle between the unique shielding tensor
axis (o) and the axis of motion in the a phase is calculated
to be about 14°.

For the three 1,2-diacylglycerols studied in this work, the
breadths of the CSA for C=0 carbons in the B’ phase were
significantly larger than those for MAG, and close to the
value of the full breadth (148 ppm). Since the CSA for
both sn-1 and sn-2 C=0 carbons are axially asymmetri-
cal (p < 1), Eq. 1 is not applicable, and additional theo-
retical and experimental work would be required to de-
termine the conformation. In the a phase, the observed
breadth of CSA is smaller, but still with p < 1. However,
the observed broad signal might be the result of chemical
exchange, and it is not presently possible to interpret the
observed CSA unambiguously.

For 1,3DMG in the B’ phase, the upfield peak (represent-
ing the C=0 that is not H bonded) gives p =~ 1, but the
downfield peak (C=O that is H bonded) gives p # 1;
the CSA values of both C=0 groups are not significantly
affected by temperature. The conformation of the H-bonded
C=0 is strongly restricted, and that of the other C=0 is not
as strongly restricted. In both cases, the increase in tem-
perature did not cause detectable conformation effects on the
carbonyl carbons.

SUMMARY

Various polymorphic phases of three types of acylglycerols,
MAG, 1,2DAG, and 1,3DAG, have been studied by MAS-
NMR. All phases show a single peak for each carbon except
the B’ phase of MAGs, which show two peaks for each car-
bon, corresponding to the two crystallographically non-
equivalent molecules. The chemical shifts are dependent on
the specific polymorphic phase, and the chemical shift dif-
ferences between different phases were interpreted in terms
of changes in the intramolecular bond distance, intermolecu-
lar interactions (such as H bonding), and molecular motions.
For MAG, linewidths of corresponding resonances follow
the order of isotropic phase < a < 8 < sub-a; for 1,2 DAG
linewidths were narrower in the $ than in the « phase. The
linewidths of MAG reflect relative mobility in the different
phases, whereas the greater linewidth of the a phase of 1,2
DAG is probably caused by the coexistence of several
slightly different conformations. Dephased CPMAS spectra
in the B’ phase show that the glycerol backbones of MAG,
1,2DAG and 1,3DAG are quite rigid; acyl chains are also
rigid, but the mobility differences were detected: 1,2DAG <
1,2DAG < MAG. Dephased CPMAS spectra in the « phase
show a greater mobility of MAG than 1,2DAG and signifi-
cant motions in parts of each molecule, in contrast to the g’
phase.

The chemical shift anisotropy of the carbonyl signals in
each acylglycerol was measured by slow spinning MAS-
NMR. It was found that for MAG in the B’ phase, one mol-
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ecule undergoes a conformational change as the sample tem-
perature approaches the melting point, while the other
molecule remains fixed in conformation. The carbonyl CSA
in the a phase is axially symmetrical, with a similar quantity
as that in the 8’ phase. For the 1,2DAG, the C=0 is axially
asymmetrical in both B’ and « or sub-a phases. For the
1,3DAG, the two acyl chains are nonequivalent in the B’
phase: the H-bonded carbonyl gives an axially asymmetrical
CSA, and the non-H bonded, an axially symmetrical CSA.
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