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Abstract: High-resolution 'TH NMR spectroscopy and subsequent computer simulations of experimental spectra of multiple
molecular species in each choline glycerophospholipid subclass demonstrated that (1) the two diastereotopic sn-3 methylene
protons of the glycerol backbone in ether-linked phospholipids are more chemicaily and magnetically inequivalent than comparable
protons present in conventionally studied phosphatidylcholine (e.g., A6 = 0, 0.02, and 0.04 ppm for phosphatidyicholine,
plasmenyicholine, and plasmanyicholine, respectively); (2) the two diastereotopic sn-! methylene protons of the glycerol backbone
in ether-linked phospholipids are more chemically and magnetically equivalent than their counterparts in phosphatidylcholine
(e.g., Ad = 0.26, 0.07, and 0.04 ppm and 2/, = 12.0, 11.5, and 10.8 Hz for phosphatidylcholine, plasmenylcholine, and
plasmanylcholine, respectively); (3) the sn-2 methine proton is more shielded in ether-linked glycerophospholipids in comparisons
to diacyl phospholipids; and (4) the vicinal spin coupling constants of protons in the glycero! backbone are distinct in each
subclass. Analysis of this data utilizing a three staggered state conformational model demonstrated that modest alterations
in the molecular geometry of the proximal portion of the sn-1 aliphatic chain in each choline glycerophospholipid subclass
resuit in changes in the distribution of the conformational states of the glycerol backbone. Such aiterations in the distribution
of conformational states at the aqueous interface may be important determinants of the specific functional characteristics
of subcellular membranes enriched in ether-linked phospholipids.

Introduction

Definitive correlation of the relationship of phospholipid
chemical structure to biologic membrane function has been a
long-standing objective of modern membrane chemistry. Alter-
ations in the relative distribution of the conformational states
assumed by the glycerol backbone are accompanied by critical
changes in the time-averaged stereoelectronic relationships in the
proximal portions of each aliphatic chain that collectively con-
tribute to the physical and dynamic properties of phospholipid
aggregates. Thus, the role of the glycerol backbone as a primary
determinant of the distribution of conformational states in
mammalian membranes has long been recognized.!”> Recently,
Hauser et al.* demonstrated that the preferred conformation of
the glycerol backbone in phosphatidylcholine is independent of
the length of the acyl chain and that similar distributions of
conformational states are present in either the micellar or bilayer
aggregation states. Furthermore, analyses of ZH NMR line shape
and spin-lattice relaxation time behavior have demonstrated that
the motion in the glycerol backbone is best described (to a first
approximation) by an internal jump model with motion along the
sn-1-sn-2 glycerol C—C bond in both diacyl glycolipid and diacyl
phospholipid bilayers.’

Although the overwhelming majority of physical studies on
naturally occurring phospholipids have examined the molecular
dynamics and conformation of diacyl phospholipid molecular
species, some subcellular membranes contain a predominance of
plasmalogen molecular species.’ The molecular dynamics of
plasmalogen and diacyl phospholipid molecular species are distinct
in both the membrane interior and near the hydrophobic/hy-
drophilic interface.®® Furthermore, conformational analysis of
the proximal region of the aliphatic chains in plasmenylcholine
bilayers by truncated driven nuclear Overhauser enhancement has
demonstrated that the presence of the vinyl ether linkage in
plasmalogen molecular species results in substantial changes in
the molecular geometry of the proximal portion of the sn-2 chain!?
from that initially ascertained from crystallographic studies of
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?hosphatidylcholine” and subsequently confirmed by solution-state
H NMR spectroscopy.'? To directly compare the conformational
states of the glycerol backbone in each of the three major sub-
classes of mammalian choline glycerophospholipids, we determined
critical geminal and vicinal TH-'H as well as 'H-3'P coupling
constants through computer simulations of experimental 500-MHz
'H high-resolution NMR spectra utilizing multiple molecular
species of phosphatidylcholine, plasmenylcholine, and plasma-
nylcholine. We now report that the sn-1 and sn-3 protons of the
glycerol backbone in each of the subclasses of choline glycero-
phospholipids are chemically and magnetically inequivalent and
that distinct vicinal 'H-'"H and '"H-3'P spin coupling constants
are present. Collectively, these results demonstrate that covalent
modification of the proximal portion of the sn-1 aliphatic chain
results in substantial and differential effects on the molecular
conformation of the glycerol backbone in each choline glycero-
phospholipid subclass.

Experimental Section

Materials. 1,2-Dihexadecanoyl-sn-glycero-3-phosphocholine (PP
phosphatidylcholine), 1-hexadecanoy!-2-eicosa-5",8’,11’,14’-tetraenoyl-
sn-glycero-3-phosphocholine (PA phosphatidylcholine), 1-hexadecano-
yl-2-octadec-9’-enoyl-sn-glycero-3-phosphocholine (PO phosphatidyl-
choline), bovine heart lecithin, and a mixture of 1-O-alkyl-sn-glycero-3-
phosphocholines (predominantly 16:0 and 18:0 alky! ethers) (lyso-PAF)
were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Ara-
chidonoy! chloride, oleoy! chloride, and palmitoy! chloride were obtained
from Nu Chek Prep, Inc. (Elysian, MN). N,N-Dimethyl-4-amino-
pyridine was obtained from Aldrich Chemical Co. (Milwaukee, WI).
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Figure 1. The three minimum free energy staggered conformational
states of the glycerol C;—C, bond in glycerophospholipids. Rotamers a—c
are defined by alterations in the two related torsion angles, §, = Oy;-
C,-C,C; and 6, = 0;-C,-C,-0,,. The torsion angle 8, in rotamers
a and b corresponds to the £-synclinal (i.e., £-gauche) conformation of
the C;—C, bond in the glycero! backbone while 6, in rotamer c represents
the antiperiplanar conformation of the C,-C, bond in the glycerol
backbone. R, at the sn-1 aliphatic chain is linked by ester, vinyl ether,
or alky! ether substituents corresponding to each of the three subclasses
of glycerophospholipids shown in Figure 2. R, represents the aliphatic
ester-linked substituent at the sn-2 carbon. R’ represents the base co-
valently attached to the glycerol backbone through a phosphodiester
linkage. The standard ITUPAC nomenclature is used.

Homogeneous 1-0-(Z)-hexadec-1’-enyl-sn-glycero-3-phosphocholine
(lysoplasmenylcholine) was prepared from bovine heart lecithin as pre-
viously described.!* Homogeneous 1-0-(Z)-hexadec-1’-enyl-2-eicosa-
5’,8’,11’,14'-tetraenoyl-sn-glycero-3-phosphocholine (PA plasmenyl-
choline), 1-0-(Z)-hexadec-1’-enyl-2-hexadecanoyl-sn-glycero-3-
phosphocholine (PP plasmenylcholine), and 1-0-(Z)-hexadec-1’-enyl-2-
octadec-9’-enoyl-sn-glycero-3-phosphocholine (PO plasmenylcholine)
were synthesized by N,N-dimethyl-4-aminopyridine-catalyzed conden-
sation of the corresponding acy! chloride with lysoplasmenylcholine and
purified by straight-phase HPLC as previously described *14 1-0-Al-
kyl-2-eicosa-5',8/,11",14’-tetraenoy!-sn-glycero-3-phosphocholine, 1-0-
alkyl-2-octadec-9’-enoyl-sn-glycero-3-phosphocholine, and 1-O-alkyl-2-
hexadecanoyl-sn-glycero-3-phosphocholine were synthesized similarly by
N,N-dimethyl-4-aminopyridine-catalyzed condensation of the corre-
sponding acy! chloride with 1-O-alkyl-sn-glycero-3-phosphocholine and
purified by straight-phase HPLC.!* Homogeneous 1-O-hexadecyl-2-¢i-
cosa-5',8’,11",14’-tetraenoy!l-sn-glycero-3-phosphocholine (PA plasma-
nylcholine), !-O-hexadecyl-2-octadec-9’-enoyl-sn-glycero-3-phospho-
choline (PO plasmany!choline), and 1-O-hexadecy!-2-hexadecanoyl-sn-
glycero-3-phosphocholine (PP plasmanylcholine) were separated by
isocratic reverse-phase HPLC utilizing an Ultrasphere octadecyl silica
column (10 X 250 mm; 5 um particles (Beckman, CA)) employing a
mobile phase of 90.5:7:2.5 methanol/water/acetonitrile (v/v/v) con-
taining 20 mM choline chloride. All phospholipids were characterized
by TLC, 'H NMR, and fast atom bombardment mass spectroscopy and
quan:ilf}?g by capillary gas-liquid chromatography after acid methano-
lysis b4

Preparation of NMR Samples. Homogeneous phospholipids in chlo-
roform stock solution were initially dried under a nitrogen stream prior
to exhaustive evacuation (50 mTorr) for a minimum of 4 h. An appro-
priate volume of CDC1;-CD,0D (2:1, v/v) and 0.01% tetramethylsilane
were added to the dried choline glycerophospholipids to yield a 30 mM
final concentration of lipid. The sample was vortexed, and the resultant
phospholipid micelles*!® were directly analyzed by NMR spectroscopy.

NMR Spectroscopy. High-resolution 'H NMR spectra of phospho-
lipids were obtained by utilizing a Varian VXR-500 spectrometer oper-
ating at 500 MHz with a digital resolution of 0.18 Hz/point. All ex-
periments were performed at 25.0 £ 0.5 °C. The chemica! shifts and
coupling constants of the resonances from the protons in the glycerol
backbone of all phospholipids were obtained from computer simulations
of experimental spectra utilizing the program LAOCOON!” with magnetic
equivalence added on a SUN-4 host computer equipped with a 150-
Mbyte disk memory. The accuracy of spin coupling constants derived
from the spectral simulation was 0.05-0.1 Hz. The fractional populations
of the major conformational rotamers were calculated from the observed
vicinal spin coupling constants on the basis of the assumption that the
observed coupling constants represented averages of the component
coupling constants of each of the three staggered conformers (e.g., ro-
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Figure 2. Molecular structures of the choline glycerophospholipid sub-
classes. The aliphatic chain R = CsHj;, Cj7H3;, or Cy5Hj, corresponds
to palmitic, oleic, or arachidonic acid at the sn-2 position in the glycerol
backbone, respectively.

tamers a—c in Figure 1), which are weighted by their fractional popula-
tions.!®-20  Utilizing a generalized Karplus equation,222 we found that
alterations in the electronegativity and orientation of the proximal portion
of the sn-1 aliphatic chain in the three subclasses of choline glycero-
phospholipids result in only diminutive changes in the vincinal spin
coupling constants. The error in the calculated fractional populations was
less than 5% as ascertained from the error of vicinal spin-spin coupling
constants calculated by analysis of error propagation.

Results

Each of the six major naturally abundant molecular species of
vinyl ether and alkyl ether choline glycerophospholipids (Figure
2) were synthesized and subsequently purified by sequential
straight- and reverse-phase HPLC prior to conformational analyses
of the glycerol backbone by 500-MHz 'H high-resolution NMR
spectroscopy. Assignments of individual protons of the glycerol
backbone in both synthetic ether-linked choline glycero-
phospholipids and commercially available diacyl choline glycer-
ophospholipids were made by utilizing homo- and heteronuclear
(e.g., 'H-*'P) double-resonance experiments. High-resolution 'H
NMR spectra of plasmenylcholines were distinguished by the
presence of the anticipated resonances at 4.37 and 5.94 ppm
corresponding to the 8- and a-vinyl ether protons (e.g., Figure
3,top). Similarly, 'H NMR spectra of plasmanylcholines con-
tained a peak at 3.45 ppm corresponding to the O—CH, resonance
at the sn-1 position (e.g., Figure 3, middle). Finally, spectra of
PP phosphatidylcholine were indistinguishable from previously
published high-resolution NMR spectra.!?

As is evident from experimental spectra, the proton resonances
in the glycerol backbone of PP plasmenylcholine and PP plas-
manylcholine differed substantially (compare Figure 4A,B).
Furthermore, both were markedly different from thespreviously
characterized resonances of protons in the glycerol backbone in
PP phosphatidylcholine (Figure 4C). Since the conformation of
the glycerol backbone is a primary determinant of the spatial
relationship of the aliphatic chains in each lipid subclass, spectral
simulations of experimental spectra of protons in the glycerol
backbone in each molecular species and molecular subclass were
performed. The chemical shifts as well as the geminal and vicinal
spin coupling constants of protons in the glycerol backbone (from
analyses of computer simulations of experimental spectra as de-
scribed in the Experimental Section) are listed in Table . The
results demonstrate that the chemical shifts of the sn-! methylene
protons in the glycerol backbone are altered by the nature of the
covalent linkage in each subclass of choline glycerophospholipids
(Table I). The experimentally and computationally determined
values of the chemical shifts and coupling constants of protons
in disaturated PP phosphatidylcholine are in excellent agreement
with previously published studies.*!® Surprisingly, the chemical
shift differences between each diastereotopic proton in the sn-1
position of the glycerol backbone are largest for each molecular
species of phosphatidylcholine in multiple comparisons to corre-
sponding molecular species of the sn-1 protons in vinyl ether or

(18) Hauser, H.; Guyer, W.; Levine, B.; Skrabal, P.; Williams, R. J.
Biochim. Biophys. Acta 1978, 508, 450-463.
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Figure 3. 500-MHz 'H NMR spectra of the three subclasses of choline
glycerophospholipids. The NMR spectrum (top) of 1-0-(Z)-hexadec-
1’-enyl-2-octadec-9’-enoyl-sn-glycero-3-phosphocholine (PO plasmeny!-
choline) is distinguished by the presence of resonances corresponding to
the a- and B-vinyl ether protons at 5.94 and 4.37 ppm, respectively. The
spectrum (middle) of 1-O-hexadecyl-2-octadec-9’-enoyl-sn-glycero-3-
phosphocholine (PO plasmanylcholine) is distinguished by the resonance
at 3.45 ppm corresponding to the sn-1 ether-linked methylene protons
(-O-CH,-). The spectrum (bottom) of 1-hexadecanoyl-2-octadec-9’-
enoyl-sn-glycero-3-phosphocholine (PO phosphatidylcholine) is distin-
guished by a comparatively high intensity of the OCOCH, resonance
(2.34 ppm) resulting from acy! groups at both the sn-1 and sn-2 positions.
All chemical shifts are referenced to the internal standard tetramethyl-
silane. All spectra were obtained by utilizing 30 mM of each choline
glycerophospholipid in CDCl,-CD,0OD (2:1, v/v) as described in the
Experimental Section.

alkyl ether choline glycerophospholipids (e.g., A6 = 0.26 ppm in
each phosphatidylcholine, 0.07 ppm in each plasmenylcholine, and
0.04 ppm in each plasmanylcholine between the sn-1 diastereotopic
protons (Table I)). Similarly, the spin coupling constants between
the two diastereotopic sn-1 methylene protons of the glycerol
backbone are smaller in ether-linked phospholipids in comparison
to their ester-linked phospholipid counterparts (e.g., 12.0 Hz for
phosphatidylcholines, 11.5 Hz for plasmenylcholines, and 10.8
Hz for plasmanylicholines (Table 1)). Thus, the sn-1 glycerol
methylene protons in all three subclasses give rise to an octet
spectrum characteristic of an ABX spin system (Figure 4A-C),
demonstrating that the two sn-1 methylene protons of the glycerol
backbone are both chemically and magnetically inequivalent. The
magnitude of inequivalence in ether-linked phospholipids is smaller
than that present in previously analyzed ester-linked phospholipid
species, suggesting that each proton in ether-linked phospholipids
is more symmetrically oriented toward the sn-2 ester and /or the

Han et al.
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Figure 4. Expanded spectra and computer simulations of the glycerol
protons in choline glycerophospholipid subclasses containing palmitic acid
at the sn-2 position. (A) The experimental NMR spectrum corre-
sponding to glycerol protons (top) and the corresponding computer sim-
ulation (bottom) of 1-0-(Z)-hexadec-1’-enyl-2-hexadecanoyl-sn-
glycero-3-phosphocholine (PP plasmenylcholine) in CDCl,-CD,0D (2:1,
v/v) at 25 °C. (B) The experimental NMR spectrum corresponding to
glycerol protons (top) and the corresponding computer simulation (bot-
tom) of 1-O-hexadecy!-2-hexadecanoyl-sn-glycero-3-phosphocholine (PP
plasmanylcholine) in CDC1,-CD,0D (2:1, v/v) at 25 °C. Because the
glycerol sn-1 methylene resonance in plasmanylcholine partially overlaps
with its a—choline methylene (N-CH,) resonance, these assignments were
made by homonuclear double-resonance experiments on the 8-choline
methylene protons (N-C-CH,), which simplified the a-choline methy-
lene proton resonance. (C) The experimental NMR spectrum corre-
sponding to the glycerol protons (top) and the corresponding computer
simulation (bottom) of 1,2-dihexadecanoyl-sn-glycero-3-phosphocholine
(PP phosphatidylcholine) in CDCl;-CD,0D (2:1, v/v) at 25 °C. The
peaks marked with * and ** are CD,OH (solvent) and N-C-CH, (8-
choline methylene) resonances, respectively. The distinct individual
chemical shifts of each of the protons in the glycerol backbone are shown
in Figure 3 and Table I.

sn-3 phosphodiester linkages in the glycerol backbone.

The sn-3 methylene protons in the glycerol backbone were
identified by irradiation of either the 3'P resonance or the sn-2
methine proton. Although the sn-3 methylene protons in each
molecular species of phosphatidylcholine resulted in a quartet
spectrum, corresponding protons in each subclass of ether-linked
phospholipids (plasmenylcholine and plasmanylcholine) gave rise
to a complex multiplet resulting from the chemical and magnetic
inequivalence of each sn-3 diastereotopic proton (Figure 4).
Specifically, although each diastereotopic proton in the sn-3
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Table I. Chemical Shifts and Coupling Constants of Glycerol Protons in the Three Subclasses of Choline Glycerophospholipids®
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chemical shift (ppm)?

coupling constant (Hz)¢

molecular SPeCieS Al B C D E ‘IAB JAC ‘IBC ‘IDE ‘ICD ‘ICE ‘IDP JEP
PP phosphatidylcholine 4,167 4428 5238 4008 4.008 12.04 704 3.2l ¢ 5.51 557 694 6.89
PO phosphatidylcholine  4.164 4428 5239 4007 4006 1200 6.97 3.18 5.61 562 695 6.84
PA phosphatidylcholine  4.164  4.429  5.241 4009 4.008 12.01 6.90 3.23 548 554 698 6.89
PP plasmenylcholine 3.887 3954 5171 4002 3982 1152 6.66 3.60 11.01 540 554 6.18 6.86
PO plasmenylcholine 3.886 3954 5171 4002 3982 I1.51I 6.66 3.58 1099 537 557 615 6.86
PA plasmenylcholine 3.887 3955 5176 4010 398 1150 6.59 3.68 11.02 531 544 631  6.71
PP plasmanylcholine 3.587 3.626 5.153 4006 3967 1086 645 3.84 11.00 482 662 6.12 6.19
PO plasmanylcholine 3.587 3626 5.154 4006 3967 1087 645 3.85 11.00 483 664 6.11 6.20
PA plasmanylcholine 3.585 3.624 5158 4011 3969 1077 6.45 381 L1t 489 672 6.18 6.24

2 All experiments were performed in CDCL-CD;0D (2:1, v/v) at 25 °C on a Varian VXR-500.

6 Chemical shifts are expressed in parts per
million downfield from tetramethylsilane. The accuracy of the chemical shifts is £0.001 ppm. ¢Coupling constants were obtained from computer
simulations of experimental spectra. The accuracy of the coupling constants is 0.05-0.1 Hz. ¢Protons in the glycerol backbone are labeled as follows:

Ha HgHcHp He

\/

cO—C—C—C—0CP

¢Due to the equivalence of the CH, protons in phosphatidylcholine, the geminal coupling constants in this subclass are not observed.

position in the glycerol backbone of phosphatidylcholine had
identical chemical shifts, the two diastereotopic protons present
at the sn-3 position in plasmenylcholine and plasmanylcholine
differed by 0.02 and 0.04 ppm, respectively (Table I). Calculation
of the coupling constants from spectral simulations demonstrated
that the coupling of both sn-3 methylene protons with the sn-2
methine proton was similar in each molecular species of phos-
phatidylcholine and plasmenylcholine, but was substantially
different in plasmanylcholine (Table I). The couplings between
the sn-3 methylene protons in plasmanylcholines and the phos-
phorous atom were similar for each diastereotopic proton but
differed substantially in magnitude compared to their phospha-
tidylcholine counterparts (Table I). The couplings between the
sn-3 methylene protons in plasmenylcholine and the phosphorous
atom were different for each diastereotopic sn-3 methylene proton
and were characterized by coupling constants that were similar
to those of phosphatidylcholine for one proton and similar to those
for plasmanylcholine for the other proton (Table I).

The sn-2 methine proton of the glycerol backbone in each
choline glycerophospholipid subclass possessed distinct chemical
shifts. These differences in the chemical shifts were reproducibly
present in each molecular species of each of the three choline
glycerophospholipid subclasses examined (Table I). Thus, mod-
ification of the nature of the covalent linkage at the proximal
portion of the sn-1 position alters the chemical environment of
the sn-2 methine proton,

To examine the influence of the nature of the sn-2 aliphatic
constituent (i.e., chain length, position, and degree of unsaturation)
in individual molecular species of each choline glycerophospholipid
subclass, comparisons of the chemical shifts and coupling constants
of glycerol protons in nine individual molecular species were made.
The chemical shifts and coupling constants of each glycerol
backbone proton in phosphatidylcholine, plasmenylcholine, and
plasmanylcholine containing palmitic acid at the sn-2 position did
not differ (within experimental error) from corresponding lipids
in each subclass containing oleic acid at the sn-2 position (Table
I). High-resolution spectra of phosphatidylcholine, plasmenyl-
choline, and plasmanylcholine subclasses containing arachidonic
acid at the sn-2 position demonstrated only modest differences
compared to identical choline glycerophospholipid subclasses
containing palmitic or oleic acid at the sn-2 position. The changes
induced by arachidonic acid were small in comparison to the
differences induced by alterations in the proximal portion of the
sn-1 aliphatic chain in each subclass (Table I, Figure SA-C).
Thus, alterations in choline glycerophospholipid subclasses have
substantially larger effects on the distribution of conformational
states of the glyercol backbone than do alterations in the nature
of the fatty acyl substituent at the sn-2 position in these systems.

Discussion

The results of the present study are the first to demonstrate
the chemical and magnetic inequivalance of protons in the glycerol

>
{sn-3)CH2
}I") CH»

g
o
3
- ui&
8 0.l ppm 5
:E |
T U F4
5 ®
5 S

{s7-2)CH

N

0.lppm

Figure 5. Expanded spectra and computer stimulations of the glycerol
protons in choline glycerophospholipids containting arachiodonic acid at
the sn-2 position. Expanded expectra (top) and computer simulations
(bottom) of the glycerol protons in (A) PA plasmenylcholine, (B) PA
plasmanylcholine, and (C) PA phosphatidylcholine were obtained as
described in the caption to Figure 4.

backbone in each molecular subclass of choline glycerophospho-
lipids. Specifically, computer simulations of experimental NMR
spectra demonstrate that (1) the two diastereotopic sn-3 methylene
protons of the glycerol backbone in ether-linked phospholipids are
more chemically and magnetically inequivalent than comparable
protons present in conventionally studied phosphatidylcholine; (2)
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Table II. Staggered-State Rotameric Distributions of Minimum Energy Conformations in the Glycerol Backbone of Choline Glycerophospholipid

Subclasses®
8,/6 71(C—C3-03,-P)
molecular species a b c #£-gauche antiperiplanar
PP phosphatidylcholine 518+ 1.8(1.3+£0.1) 39.7 £ 1.2 (499 £ 1.4) 8.5+0.3 (488 £ 1.4) 311 £1.3 68.9 £ 2.5
PO phosphatidylcholine 514+ 1.7(1.3£0.1) 404 £ 1.2 (50.6 £ 1.5) 8.2+ 0.3 (48.1 £ 1.4) 309£1.2 69.1 £ 2.5
PA phosphatidylcholine 505+ 150+ 0 D) 40.8 £ 1.3 (50.6 £ 1.5) 87+£03(474£1.3) 314+ 1.3 68.6 £ 2.5
PP plasmenylcholine 46.7 £ 1.2 (6.4 £0.2) 40.7 £ 1.2 (488 £ 1.4) 12.6 £ 0.4 (44.8 £ 1.4) 260+ 1.0 740 £ 2.8
PO plasmenylcholine 46.8 £ 1.2 (6.2 +0.2) 408 £1.2(490£ 1.4) 124 £ 0.4 (44.8 £ 1.4) 259+ 1.0 74.1 £ 2.8
PA plasmenylcholine 457+ 1.1 (7.3+£0.2) 408 £ 1.2 (48.6 £ 1.4) 13.5+ 0.4 (44.1 £ 1.4) 259 £ 1.0 74.1 £ 2.8
PP plasmanylcholine 437 £ 1.1 (9.4 £0.3) 41.1 £ 1.2 (480 £ 1.4) 152+ 0.5(426 £1.3) 21.3+£0.8 78.7 £ 3.0
PO plasmanylcholine 437 £ 1.1 (9.4 £0.3) 410+ 1.2 (480 £ 1.4) 153+ 0.5 (42.6 £1.3) 21.3+£0.8 78.7 £ 3.0
PA plasmanylcholine 440 £ 1.1 (9.1 £0.3) 412+ 1.2 (48.3 £ 1.4) 148 £0.5(42.6 £1.3) 220+0.8 78.0 £ 3.0

¢Rotameric distributions were calculated from the observed vicinal spin coupling constants in Table I as described in the Experimental Section and
are expressed in percentages. ? For torsion angles 6, and 6, (refer to Figure 1), the rotameric distributions have been calculated by utilizing J,c >

Jpc or Jyc < Jpc (values in parentheses). Rotamers a—c are shown in Figure 1.

the two sn-1 methylene protons of the glycerol backbone in eth-
er-linked phospholipids are more chemically and magnetically
equivalent than their counterparts in phosphatidylcholine; (3) the
sn-2 methine proton is more shielded in ether-linked glycero-
phospholipids in comparisons with conventional diacyl phospho-
lipids; and (4) the vicinal spin coupling constants of protons in
the glycerol backbone are distinct in each subclass.

When the frequently employed assumption that the majority
of relevant conformational states can be described by a three
staggered state conformational model representing minimum free
energy conformations is utilized, additional insights into differences
in the conformational states of ether-linked and diacyl choline
glycerophospholipids can be made. In this model, the vicinal spin
coupling constants in each of the three possible conformations can
be utilized as component coupling constants®182 to determine the
time-averaged distribution of major conformational states from
published values of component coupling constants.#?# Since
experimental spectra were successfully simulated by utilizing only
one set of vicinal spin coupling constants for each C-C or C-O
bond, motional averaging between each of the three staggered
conformations must occur that is fast on the NMR time scale.
The fractional populations of rotamers a—c about the glycerol
C,-C, bond (Figure 1) were calculated and are summarized in
Table II. Initially, we have allowed J,c > Jpc as has been
conventionally assumed in analyses of phosphatidylcholines where
parallel alignment of the two aliphatic chains precludes anti-
periplanar rotamer c¢ (Figure 1) as the major conformational
state.%1° By conventional assignment (i.e., Joc > Jpc), the pop-
ulation of the rotamer c is present in the rank order plasmanyl-
choline > plasmenylcholine > phosphatidylcholine. We note that
the population of the antiperiplanar rotamer ¢ (again assuming
Jac > Jpe) in plasmanylcholine is almost twice that present in
phosphatidylcholine. However, it is important to note that both
plasmanylcholine and plasmenylcholine are not subject to the same
types of conformational constraints as those imposed on phos-
phatidylcholine by virtue of their disparate molecular geometries
in the proximal portion of the sn-1 aliphatic chain. Specifically,
the antiperiplanar conformation of the sn-1 and sn-2 oxygen atoms
(i.e., Oy and Oy) in plasmenyicholine and plasmanylcholine
(rotamer c) is entirely compatible with a compact arrangement
of both the sn-1 and sn-2 aliphatic chains. This results largely
from the fact that the antiperiplanar conformation (rotamer c)
in phosphatidylcholine requires that the sn-1.carbonyl is directed
into the hydrophobic portion of the membrane (assuming a trans
conformation of the sn-1 ester), which seems unlikely on the basis
of energetic considerations and is not present in the crystal
structure of phosphatidylcholine. However, the geometry of the
vinyl ether constituent is precisely tailored to adopt an antiper-
iplanar conformation in which the aliphatic chains are in close
spatial proximity. Analyses of monomeric plasmenylcholine and

(23) Abraham, R. J.; Gatti, G. J. Chem. Soc. B 1969, 961-968.
(24) Partington, P.; Feeney, J.; Kurgen, A. S. V. Mol. Pharmacol. 1972,
8, 269-2717.

A 8 C

Figure 6. Energy-minimized conformations of monomeric phosphati-
dylcholine and plasmenylcholine. (A) Coordinates from the crystal
structure of phosphatidylethanolamine® were utilized as the basis set for
MM2 calculations of the minimum energy conformation of PP phos-
phatidylcholine. (B) The torsion angle 6, (0;,—C,—C,-Oy) in the glycerol
backbone in plasmenylcholine was arranged in a pseudo-antiperiplanar
conformation (8, = 130°), and the remaining crystal structure coordi-
nates of phosphatidylethanolamine®® were utilized as the basis set for
energy minimization utilizing MM2. As can be seen, the sn-1 and the
sn-2 aliphatic chains can efficiently pack in a mode that is similar, but
not identical, to the packing present in the synclinal conformation of the
6, torsion angle in phosphatidylcholine (i.e., conformation in panel A).
(C) The torsion angle 6, in the glycerol backbone in phosphatidylcholine
was arranged in a pseudo-antiperiplanar conformation (6, = 130°), and
the remaining crystal structure coordinates of phosphatidylethanol-
amine®® were utilized as a starting basis set for energy minimization
utilizing MM2. As can be seen, the sn-1 aliphatic chain cannot effi-
ciently pack because the trans geometry of the sn-1 carbony! directs the
sn-1 acyl chain nearly perpendicular to the sn-2 aliphatic constituent.

phosphatidylcholine utilizing MM2-based calculations demonstrate
that plasmenylcholine, but not phosphatidylcholine, can efficiently
pack in a pseudo-antiperiplanar conformation (i.e., 8, = 130°)
(Figure 6). We note that the proposed conformatlon of the vinyl
ether linkage in rotamer c is strikingly similar to the minimal
energy conformation of the vinyl ether linkage in methyl vinyl
ether as determined by utilizing MM2 calculations.?s Support
for this conformation of the glycerol backbone in plasmenyicholine
has recently been obtained by utilizing truncated driven nuclear
Overhauser enhancement NMR.!® Accordingly, the possibility
that Jgc > Jac in both plasmenylcholine and plasmanylcholine
cannot be excluded on the basis of steric constraints alone.
Calculation of the relative distribution of conformational states
utilizing Jpc > Jac demonstrates that rotamers b and c are the
two predominant conformational states for ether-linked glycero-
phospholipids in this paradigm (Table II). Whatever the case
(i.e., Jac > Jgc or Jgc > Jac). these results demonstrate that the
statistical distribution of rotamer c is substantially different in

(25) Dodziuk, H.; von Voithenberg, H.; Allinger, N. L. Tetrahedron 1982,
38, 2811-2819.
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ether-linked phospholipids compared to their diacyl phospholipid
counterparts.

The differences in the predominant conformational states in
each choline glycerophospholipid subclass are further exemplified
by analysis of the distribution of conformational states (gauche
and antiperiplanar) about the C,—-O;, bond (see Figure 1) from
the calculated coupling constants of phosphorous and the sn-3
glycerol methylene protons. Although the antiperiplanar con-
formation is the major conformation in all three choline glycer-
ophospholipid subclasses, differences exist between the relative
distribution of gauche and antiperiplanar conformations in each
subclass. For example, the fractional percentage of the gauche
rotamer in phosphatidylcholine is nearly 50% larger than that
present in plasmanylcholine (Table II).

While the distribution of individual conformational states in
phospholipids in a micellar aggregation state are likely different
from those present in membrane bilayers, the present results clearly
indicate that differences in the population distribution of the
individual rotamers in each subclass of choline glycerophospho-
lipids are present in at least some organized states. Given the
multiplicity of rotameric states in phospholipids (i.e., rotamers

of the C,—C, and C;-0;, bonds as well as rotamers of the proximal
regions in the aliphatic chains) and the likelihood that specific
mosaics of total conformational states selectively and differentially
interact with complimentary regions of polypeptides, it is tempting
to speculate that alterations in the rotameric distribution of
phospholipids in mammalian membranes contribute to the marked
subclass selectivity of phospholipases that selectively catalyze
hydrolysis of ether-linked phospholipid substrates.26~%
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Abstract: In this work the gas-phase molecular structure of cyclopropylgermane (CPG) has been investigated by electron
diffraction and ab initio molecular orbital calculations. The geometry optimization has been performed with use of the basis
sets 3-21G*, 4-21G*, and STO-3G. The ring parameters (r, values with 3¢ uncertainties) derived from the electron diffraction
study are the following: r(C,—C,) = 1.521 (7) A, r(C,~C3) = 1.502 (9) A, r(C-H) = 1.091 (3) A, and ZH-C-H = 118.2
(2.3)°. Other parameters are r(Ge-C) = 1.924 (2) A, £C,-Ge-H, = 108.8 (1.2)°, 2C,~Ge-ring plane = 55.5 (1.6)°, £C;~H,ring
plane = 57.3 (1.9)°. Furthermore, both the experimental and the theoretical studies have revealed that the GeH, group is
tilted toward the ring plane. The values for this tilt angle obtained from electron diffraction and from calculations are 3.4
(2.0)° and 2.1° (when the 4-21G* basis set is used), respectively. This tilt has been rationalized to be the result of hyperconjugative
interaction. The geometric parameters of cyclopropylmonofluorogermane, cyclopropyldifluorogermane, and cyclopropyltri-
fluorogermane also have been optimized. The progressive shortening of the Ge~F bond with increasing fluorination is interpreted
as being the consequence of a fluorine negative hyperconjugation effect. The barrier heights for internal rotation for the GeH,
and SiH; groups and their fluorinated counterparts in various compounds have been calculated. Furthermore, the structural
results obtained assess the strong w-donor character of the cyclopropyl system and demonstrate that w-acceptor ability of the
germy! group is less pronounced than that of the silyl group.

Introduction

Several complementary concepts!™ have been evaluated in order
to characterize the versatile bonding behavior and the intrinsic
nature of electronic interaction between a vast array of charge-
withdrawing or -donating substituents and the strained ring
fragment as a pseudo-r system.

Until recently only one representative of the series c-Pr-XH,
(X = group IV element), methylcyclopropane, had been studied.
This was the initial reason for synthesizing the cyclopropane series
C;Hs-XY; (X = Si, Ge; Y = H, F, C)?® and for starting to
explore the bonding properties and stabilizing effects of these
monosubstituted ring systems by means of electron diffraction®
and spectroscopic methods.'®!!  The exceptional electronic
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