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Physiologically relevant molecular species of piasmenylcholine and phosphatidylcholine were synthesized and their 
molecular dyn~ics and interactions with cholesterol were compared by determination of salient proton spin-lattice 
relaxation times, and apparent activation energies for ~H-NMR observable motion. The molecular dynamics of PA 
PhosCho (l-hexadecanoyl-2-eicosatetra-5',8',ll',14'-enoyl-sn-glycero-3-phosphocholine) were substantially different 
from PA PlasCht) (~(Z)~hexadec~ny~2-eic~satetra~5'~8"~1~4'-en~y~sn~ycer~3~ph~splmch~i~e)  in multiple 
regions of the bihyer. Furthermore, rite fluidity gradient o| PA PhosCho was larger than that of PA PlasCho as 
ascertained by tH spin.lattice relaxation time measurements. Introduction of cholesterol into each bilayer resulted in 
disparate effects o~1 the dyp?Jnics of each subclass including: (1) increased motional freedom in the polar head group of 
PA PlasCho withot~t substantial alterations in ~e  dynamics of the polar head group of PA PhosCho; and (2) increased 
immobilization of ti~e membrane interior in PA PlasCho in comparison to PA PIk~Cho. Analysis of An'henius plots of 
T t relaxation times demonstrated tha~ the apparent activation energies for vinyl and bisallylic methylene proton NMR 
observable motion in PA PhosCho were greater than that in PA PlasCho. Thus, comparisons of spin-lattice relaxation 
times and apparent activation energies demonstrate that vesicles comprised of PA PlnsCho and PA PhosCho possess 
differential molecular dynamics and distinct interactions with cholesterol. Collectively, these results underscore the 
significance of the conjoint presence of the vinyl ether linkage and arachidonie acid as an important determinant of 
membrane dynamics in specialized mammalian membranes. 

Introduction 

During the last decade the importance of membrane 
molecular dynamics as a primary determinant of the 
kinetic characteristics of transmembrane enzymes has 

Abbreviations: PO PhosCho, 1.hexadeeanoyl.2-octadee-9"-enoyt-sn- 
glycero-3.phosphocholine; PA PhosCho, 1-hexadeeanoyl.2-eico- 
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become increasingly appreciated. Although many in- 
sights into the biologic seqndae of alterations in mem- 
brane conformation, dynamics and surface charge have 
been made, the large majority of previous studies have 
utilized model systems comprised of diacyl phospho- 
lipids containing saturated aliphatic chains at the sn-1 
and sn-2 positions of the glycerol backbone. However, 
some subcelhlar membranes (e.g., myocardial sarco- 
lemma [1] and sarcoplasmic reticulum [2]) contain a 
predominance of plasmalogen molecular species with 
arachidonic acid at the sn-2 position resulting in alter- 
ations in their molecular conformation, organization 
and dynamics. Since the sareolemmal membrane of 
cardiac myocytes and other cells are highly enriched in 
both cholesterol [3-5] as well as arachidonylated plas- 
malogen molecular species [1,2,6,7], the dynamic inter- 
actions of these two tipids are of particular interest. No 
information is currently available on either the motional 
characteristics of araehidonylated plasmalogens or on 
thek interactions with cholesterol. 
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Although ~H nuclear magnetic resonance spec- 
troscopy utilizes naturally abundant nuclei ond 1H is 
the most sensitive naturally occurring nucleus, it has not 
been extensively utilized in studies of membrane dy- 
namics. In large part, this has resulted from difficulties 
in relating spectral features to motional characteristics. 
However, experimentally determined proton spin-lattice 
relaxation times of sonicated vesicles are directly related 
to the rotational correlation time of each functional 
group at temperatures well above the main phase transi- 
tion (e.g., physiologic temperature for arachidonylated 
plasmenyleholine) utilizing high observational magnetic 
frequencies [8]. Furthermore, the thermotropic depen- 
dence of T1 values can be utilized to determine the 
activation energies for NMR observable motion to gain 
additional insight into salient differences in the dy- 
namics of phospholipid subclasses and their modulation 
by cholesterol. In this report, we show that the effects of 
cholesterol on the proton spin-lattice relaxation times in 
plasmalogens and diacyl phospholipids are different 
both in the polar head group region and in the mem- 
brane interior and demonstrate that the activation en- 
ergies which characterize the dynamics of the 
arachidonic acid chain in each phospholipid subclass 
are distinct. 

Materials and Methods 
Materials. 1-Hexadecanoyl-2-octadec-9'-enoyl-sn- 

glycero-3-phosphocholine (PO PhosCho) and 1-hexa- 
decanoyl-2-eicosatetra-5',8',ll',14'.enoyl-sn-glycero.3. 
phosphocholine (PA PhosCho) were purchased from 
Avanti Polar Lipids, Inc. (Birmingham, AL) and found 
to be 987o pure. Cholesterol (Sigma Chemical Company, 
St. Louis, MO) was recrystallized from ethanol and 
dried under high vacuum for more than two hours prior 
to use. Oleoyl chloride and arachidonoyl chloride (sealed 
in individual ampules) were obtained from Nu Chek 
Prep, Inc. (Elysian, MN). N,N-Dimethyl-4-aminopyri- 
dine (DMAP) was purchased from Aldrich Chemical 
Company, Inc. (Milwaukee, WI). All solvents were ana- 
lytical reagent grade or HPLC grade. 

Preparation of plasmenylcholine. Homogeneous iyso- 
plasmenylcholine was prepared by modifications of pre- 
viously described methods [930]. Briefly, bovine heart 
choline glycerophospholipids were subjected to alkaline 
methanolysis, the resultant lysophospholipids were ex- 
tracted by the Bligh and Dyer method [11] and were 
purified by HPLC utilizing tandem Dynarnax Macro 
silica columns (each 21.4 x 250 mm; Rainin Instrument 
Co., Woburn, MA) by application of a 1 L linear 
gradient of CHCI 3 to MeOH at a flow rate of 9-10 
ml/min. Lysoplasmenylcholine eluted at 30% 
CHC13/70% MeOH (detected by thin-layer chromatog- 
raphy and iodine staining) with typical yields of 70%. 
Homogeneous 1-O-( Z)-hexadec.l'-enyl-sn-glyeero-3- 
phosphoeholine (LPlasCho) was obtained by isocratic 

reverse-phase HPLC utilizing an Econosil octadecyl 
silica column (10 x 250 ram; 10 micron particles (All- 
tech Associates, Inc., Deerfield, IL)) as previously de- 
scribed [121. Homogeneous 1-O-(Z)-hexadec-l'-enyl-2- 
octadec-9'-enoyl-sn-glycero-3-phosphocholine (PO Plas- 
Cho) and 1-O-(Z)-hexadec-l'-enyl.2.eieosatetra. 
5',8',11',14'-enoyl-sn-glycero-3-phosphoeholine (PA 
PlasCho) were prepared utilizing LPlasCho, either oleoyl 
chloride or arachidonoyl chloride and DMAP as previ- 
ously described [13]. The resultant plasmenylcholines 
were purified utilizing tandem Dynamax Macro-HPLC 
silica columns (each 21.4 × 250 ram) employing a linear 
gradient of chloroform/methanol (plasmenylcholine 
eluted at 70:30 chloroform/methanol by volume). Re- 
sidual DMAP and the so-2 phosphodiester isomer were 
subsequently removed by rechromatography utilizbag 
the same stationary phase with a linear gradient of 
bexane/isopropanol/water from 48.5 : 48,5 : 3 to 
46 : 46 : 8 (v/v/v). Purified plasmenyleholines were 
characterized utilizing fast atom bombardment mass 
spectroscopy and proton NMR [13] as well as by dem- 
onstration of a single intense spot after TLC in two 
different solvent systems after iodine staining [14]. Pur- 
ity of these plasmenylcholines was found to be greater 
than 95% by acid methanolysis and capillary gas-liquid 
chromatography (the 3-57o impurity resulted from C~5 
or C17 vinyl ether constituents at the so.1 aliphatic 
chain [135]). 

Preparation of NMR samples. Appropriate amounts 
of homogeneous phospholipids dissolved in chloroform 
were placed into a 5 ml conical vial prior to addition of 
recrystallized cholesterol (in chloroform). Organic 
solvent was evaporated to apparent dryness under a 
nitrogen stream prior to exhaustive evacuation at 50 
mTorr for at least 4 h. The lipid mixtures were resus- 
pended by addition of 0.7 mL of degassed buffer (0.1 M 
phosphate/D20 buffer, pD 7.0/250C). The suspension 
was sonicated utilizing twelve 30 s bursts from a Vibra 
Cell Model VC600 sonicator (Sonics Materials, Inc., 
Danbury, CT) at 40°C under a nitrogen atmosphere 
which resulted in the formation of small unilamellar 
vesicles. The sonieate was centrifuged at 30000 × gm~ 
for 20 rain to remove small amounts of particulate 
matter. Exposure to light was minimized when utilizing 
polyunsaturated phospholipids. Alterations of the con- 
centration of pure phospholipid vesicles from 20 mM to 
60 mM or utilization of different sonication times or 
intensities had no discernible effects on the measure- 
ments of proton spin-lattice relaxation times after the 
suspension became optically transparent. Therefore, 40 
rnM of total lipid concentration was utilized in all 
experiments. 

NMR spectroscopy. Proton NMR spectra of small 
unilamellar vesicles of lipids were obtained utilizing a 
Varian XL-300 spectrometer operating at 300 MHz 
(7.05 Tesla) equipped with a temperature controller 
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which regulated the sample temperature within 0.5 C o. 
Samples were equilibrated for at least 20 rain at each 
observed temperature before data acquisition was be- 
gun. The fast inversion recovery method was utilized to 
determine spin-lattice relaxation times by the following 
pulse sequence [161: 

(90 ° _ AI-D ) (180 ° -,r-90 ° _ At-D)n 

not sampled sampled 

where D' = A t + D < 5T 1. Then T I relaxation times can 
be obtained from: 

/ I ~ -  !, ~ "r n -1  D' 

by linear analysis of the left-hand term as a function of 
'r. In typical experiments in this study, n = 40, D varied 
from 3 to 6 s (depending on the experiment tempera- 
ture) and at least eight values of ~" for each/'1 measure. 
ment were made (the largest ~" was over 10 times the 
longest T 0. In comparisons of the data obtained utiliz- 
ing this method to those from the conventional inver- 
sion recovery method, no differences were observed in 
the range of experimental error. The maximum standard 
error was + 10~ from at least three entirely indepen- 
dent sample preparations. After selected /'! experi- 
ments, the sample purity was verified by thin-layer 
chromatography on silica LKr0 plates (Whatman) 
utilizing two different solvent systems [14] which each 
demonstrated a single intense spot after visualization by 
iodine staining. 

R ~  

Proton NMR spectroscopy of homogeneous mixed chain 
plasmenyicholines and phosphatidyicholines 

tH-NMR spectra of phosphatidylcholine and plas- 
menylcholine dissolved in CDCI 3 demonstrated the an- 
ticipated resonances whose assignments were confirmed 
by homonuclear two-dimensional correlation spec- 
troscopy [13]. IH-NMR spectra of sonicated unilamellar 
vesicles comprised of binary mixtures of phospholipid 
(PA PhosCho or PA PlasCho)/cholesterol in phosphate 
buffer demonstrated the appearance of similar reso- 
nances, albeit with less resolution, due to the presence 
of complex dipolar interactions (Fig. 1). These spectra 
demonstrated that the choline methyl and methylene, 
aliphatic terminal methyl, vinyl, and bisallylic methyl- 
ene proton resonances were sufficiently welt resolved to 
investigate their molecular dynamics utilizing spin. 
lattice relaxation measurements. Similar spectra were 
obtained utilizing PO PhosCho and, PO PlasCho except 
that the bisallylic proton resonances w~,:e not present 
and the vinyl proton resonances were less intense (spec- 
tra not shown). 

Dynamics of vinyl and bisallylic methylene protons in the 
sn-2 position of arachidonylated plasmenylcholine and 
phosphatidylcholine vesicles 

The molecular dynamics of the arachidonylated 
aliphatic chain in plasmenylcholine and phosphatidyl- 
choline bilayers were determined by measurements of 
their corresponding T l relaxation times and apparent 
activation energies of the vinyl and bisallylic methylene 
protons in each subclass. The T I relaxation times of 
vinyl protons in PA PlasCho bilayers were smaller than 
those in PA PhosCho bilayers at each cholesterol con- 
centration and temperature examined (Fig. 2A). As 
expected, the T~ relaxation times of the vinyl protons 
decreased significantly with the addition of cholesterol 
in both PA PhosCho and PA PlasCho bilayers (e.g., 
decrease of 60% and 40% of T~ relaxation times for PA 
PlasCho and PA PhosCho, respectively, after addition 
of 40 tool% cholesterol at all temperatures examined). 
The activation energies for vinyl proton motion in PA 
PlasCho bilayers were smaller than mose present in PA 
PhosCho bilaycrs. The addition of cholesterol to PA 
PhosCho or PA PlasCho bilayers did not substantially 
alter the activation energies of the vinyl protons in 
either PA PhosCho or PA PlasCho bilayers (Table I). 

The T I relaxation times of the bisallytic methylene 
protons in PA PhosCho and PA PlasCho bilayers con- 

TABLE ! 

Apparent activatiot: energies, E a (k.J/ mol), of NMR observable motions 
of phospholipid molecular functional groups in phaspholipid/cholesterol 
bilayers obtained from Arrhenius plots of proton spin-lattice relaxation 
limes 

Functional Bilayer Mole fraction (%) of choles- 
group matrix terot in bilayer 

0 20 40 

CH3 PA PhosCho 18.5 15.5 11.5 
PO PhosCho 18.1 14.0 9.1 
PA PlasCho 16.1 12.8 7.3 
PO PlasCho 19.0 9,1 6,7 

- (CH: ) , -  PA PhosCho t1.5 11.0 11.1 
PO PhosCho I2.7 12.1 11.2 
PA PlasCho 9.8 13.3 9.8 
PO PlasCho 14.5 10.6 9.8 

~-C-CH 2-C= PA PhosCho 14.6 13.7 13.9 
PA PlasCho 11.8 12.3 12.0 

-(CH--CH) 4- PA PhosCho 15.5 16.6 15.8 
PA PlasCho 13.0 13.8 12-6 

N-CH z PA PhosCho 14.9 13.9 14.1 
PO PhosCho 14.7 14.0 13.2 
PA PlasCho 13.0 14.7 14.3 
PO PlasCho 12,9 12.0 9.3 

N-(CH3) 3 PA PhosCho 18.1 17.1 16.8 
PO PhosCho 17.9 16.0 16.8 
PA PlasCho 15.1 17.2 15.8 
PO PlasCho 20.0 17.7 17,5 
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Fig. 1. 300 MHz 1H-NMR spectra of sonicated unilamellar vesictes of l.O.(Z).hexadec.l'.enyl-2.eicosatetra.5',8',11',14',.enoyl.~n-~ycero-3- 
phosphocholine (PA PlasCho, molecular formula as shown at top) containing 0 or 20 tool% cholesterol. $onicated unilamellar vesicles (0.7 ml, 40 
raM) comprised of PA PlasCho and 0 tool% (A) or 20 tool% (B) eholc.~terol were prepared and tH.NMR spectra were performed at 30~C utilizing a 
standard one-pulse sequence with 64 acquisitions and a data s~e of 16 K. Resonances were assigned after two-dimensional correlation spectroscopy 
as follows: a, aliphatic terminal methyl protons (-CH3); b, atiphatic methylene protons (-(CH2) n-); c,/~-methylene (C3) protons in aeyl chain; d, 
allylic methylene protons (C--C-CH2); e, ,,-methylene (Cz) protons in acyl chain; f, bisallylic methylene protons (C=C-CH2-C---C); g, choline 
methyl protons (N-(CH3)3); h, choline methylene protons (N-CH2); i, sn-l,3 glycerol protons; j, P-O-CH z in choline and/~-vinyl ether proton 

(-O-C=CH-); k, HOD; 1, vinyl protons (ds's'lI'14-CH--CH-); m, c-vinyl ether proton (O-CH---C-). 

taining 0-40 mol% cholesterol were shorter than those 
of vinyl protons in corresponding bilayers (compare 
Fig. 2A and Fig. 2B). Cholesterol altered the T] relaxa- 
tion times of the bisallylic methylene protons in both 
PA PhosCho and PA PtasCho bilayers and the alter- 
ations were larger in PA PlasCho bilayers than in PA 
PhosCho bilayers (reduction of 16~ for PA PlasCho vs. 
10~, for PA PhosCho by addition of 40 mol$ cholesterol 
at all temperatures examined) (Fig. 2B). The activation 
energies of bisallylic protons in PA PlasCho bilayers 
were smaller than those present in PA PhosCho bilayers 
(Table I). Furthermore, the bisallylic methylene protons 
possessed lower activation energies for NMR observa- 
ble motion than vinyl protons in both subclasses. 

Dynamics of terminal methyl and aliphatic methylene 
protons in plasmenylcholine and phosphatidylcholine 
vesicles 

To characterize the dynamics of sn-2 arachidony- 
lated plasmenylcholi,~e and phosphatidyleholine near 
the bilayer center, the T~ relaxation times of the termi- 
nal methyl protons of the aliphatic chain were quanti- 
fied. Terminal methyl protons in PA PhosCho bilayers 
had longer TI relaxation times at each temperature 
examined than corresponding protons in PA PlasCho 
bilayers (compare solid and dashed lines in Fig. 3A). 
Furthermore, the apparent spin-lattice relaxation times 
of the terminal methyl protons in each phospholipid 
subclass were reduced by addition of physiologically 
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Fig. 2. Arrhenius plot of T t relaxation times of vinyl and bisallylic methylene protons in phosphatidylcholme and plasmenylcholine bilayers 
containing 0-40 mol% cholesterol, Sonicated unilamellar vesicles of PA PhosCho ( - - )  or PA P]asCho ( . . . . . .  ) containing 0 (o), 20 (A) or 40 
03) tool% cholesterol were prepared and T t relaxation times of vinyl protons (A) and bisallylic methylene protons (B) were determined at 300 MHz 
utilizing the fast inversion recovery method as described in Materials and Methods. Data points are the mean value of at least three independent 

sample preparations, The standard errors ate tess than 10% of the mean value. 

relevant amounts  of  cholesterol (0-40 mol% of mem- 

brane lipid). The cholesterol-induced reduction of  Tt 
relaxation times of terminal methyl protons in PA 

PlasCho bilayers was larger than that in PA PhosCho 

bilayers (Fig. 3A). It should be recognized that methyl 
protons in cholesterol contribute to the intensity of  the 

terminal methyl resonance and its apparent  spin-lattice 

relaxation time. To  compare  the effects of multiple ds  
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Fig. 3, Arrhenius plots of T t relaxation times of aliphatic terminal methyl protons in phosphatidylcholine and plasmenylcholine bilayers containing 
0-40 tool% cholesterol. Sonicated unilamellar vesicles of PA PhosCho ( ) or PA PlasCho ( . . . . . .  ) (A) and PO PhosCho { ) or PO 
PtasCho ( . . . . . .  ) (B) containing 0 (o), 20 (zx) or 40 (12) molt chole, sterol were prepared and T I relaxation times of aliphatic terminal methyl 
protons were determined at 300 MHz utilizing the fast inversion recovery method as described in Materials and Methods. Data points are the mean 

value of at least three independent sample preparations. The standard errors are less than 10~ of the mean value, 
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double bonds in the arachidonic acid chain to effects 
elicited by a single cis double bond, the T 1 relaxation 
times of the terminal methyl protons in the aliphatic 
chains of PO PhosCho and PO PlasCho bilayers were 
determined, The T~ relaxation times of the terminal 
methyl protons in tetraenoic phospholipids (i.e., PA 
PhosCho and PA PlasCho) bilayers were substantially 
longer th~n those in monoenoic phospholipids (i.e., PO 
PhosCho and PO PlasCho). Furthermore, the T I relaxa- 
tion times of the terminal methyl protons in PO Phos- 
Cho bilayers were significantly longer than those in PO 
PlasCho bilayers (compare solid and dashed lines in 
Fig. 3B); the Tt relaxation times of the terminal methyl 
protons in both PO PhosCho and PO PlasCho bilayers 
were reduced by introduction of cholesterol (Fig. 3B); 
and the reduction of T~ relaxation times of the terminal 
methyl protons in PO PlasCho bilayers by addition of 
cholesterol was much larger than that induced by 
cholesterol in PO PhosCho bilayers (Fig. 3B). 

The apparent activation energies (E,) of NMR ob- 
servable motions of the terminal methyl protons in each 
phosphoIipid subclass were calculated from Arrhenius 
plots (Table I). The data indicated that: (1) the ap- 
parent activation energies of the terminal methyl mo- 
tions were essentially identical in bilayers comprised of 
PA PhosCho, PO PhosCho, PA PlasCho or PO PlasCho 
alone; (2) the activation energies of each phospholipid 
subclass and molecular species decreased with addition 
of cholesterol; (3) cholesterol had larger effects on the 
activation energies of the terminal methyl protons in 
plasmenylcholine bilayers compared to phosphatidyl- 

choline bilayers (e.g., 7.3 kJ/mol for PA PlasCho and 
6,7 kJ/mol for PO PlasCho vs. 11.5 k J/tool for PA 
PhosCho and 9.1 kJ/mol for PO PhosCho at 40 mol% 
cholesterol in the bilayer matrix); and (4) the alterations 
in the activation energies for motion in the terminal 
methyl groups induced by the addition of cholesterol in 
PO PhosCho and PO PlasCho were larger than those in 
PA PhosCho and PA PlasCho. No major differences in 
the T t relaxation times (data not shown) or apparent 
activation energies (Table I) of atiphatic methylene pro- 
tons were demonstrated in the absence or in the pres- 
ence of cholesterol which likely reflects the heterogene- 
ity of molecular environments of different protons that 
contribute to this resonance. 

Dynamics of the polar head group in plasmenylcholine and 
phosphatidylcholine vesicles 

Comparisons of the dynamics of the choline methyl- 
ene protons (N-CH 2 located in the polar head group) 
demonstrated that their spin-lattice relaxation times 
were longer in PA PlasCho bilayers than in PA Phos- 
Cho bilayers (Fig. 4A). Similarly, the T t values of the 
choline methylene protons in 20 PlasCho bilayers were 
slightly longer than those present in PO PhosCho (Fig. 
4B). Introduction of cholesterol into plasmenylchotine 
bitayers increased the T 1 relaxation times of the choline 
methylene protons. In contrast, introduction of choles- 
terol resulted in only small alterations in the 7"1 relaxa- 
tion times of N-CH 2 protons in both PO PhosCho and 
PA PhosCho bilayers (Figs. 4A and 4B). Interestingly, 
the effects of cholesterol on the T~ relaxation times of 
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Fig. 4. Arrhenius plots of T I relaxation times of choline methylene protons in phosphatidylcholine and plasmenylcholin¢ bilayers containing 0-40 
tool% cholesterol. Sonicated unUamellar vesicles of PA PhosCho ( ) or PAL PlasCho ( . . . . . .  ) (A) and PO PhosCho ( ) or PO PlasCho 

( . . . . . .  ) (B) containing 0 (o), 20 (~,) or 40 (D) tool% cholesterol were prepared and T I relaxation times of choline methylene protons were 
determined at 300 MHz utilizing the fast inversion recovery method as descdbed in Materials and Methods. Data points are the mean value of at 

least three independent sample preparations. The standard errors are less than 107o of the mean value. 



/ choline methylene protons, particularly in 
plasmenylcholine bilayers, were opposite to those on the 
proton/'1 relaxation times of functional groups located 
in the membrane interior. The apparent activation en- 
ergies of choline_ methylene protons in each subclass at 
each concentration of cholesterol were similar (Table I). 
The T] relaxation times (data not shown) and the 
apparent activation energies (Table I) of choline methyl 
protons (N-(CH3)3) in bilayers comprised of each 
molecular species of plasmenylchotine and phospha- 
tidylcholine examined were nearly identical within ex- 
perimental error. 

Discussion 

Results of the present ~ d y  demonstrate that signifi- 
cant differences in the spin-lattice relaxation times and 
activation energies for NMR observable motions are 
present in plasmenylcholine and phosphatidylcholine 
subclasses. The spin-lattice relaxation times of vinyl, 
bisaUytic methylene and terminal methyl protons in 
phosphatidylcholine ve,~icles are longer than those pre- 
sent in plasmenylcholine vesicles. Furthermore, plas- 
menylcholine vesicles possess a fluidity gradient (in- 
creasing from the outside of the bilayer to the mem- 
brane interio0 which is smaller than that present in 
phosphatidylchoime vesicles (Fig. 5). Importantly, the 
spin-lattice relaxation times of the terminal methyl pro- 
tons in phospholipids containing arachidonic acid at the 
sn-2 position in both subclasses are substantially longer 
than that for comparable monoenoic phospholipids. 
The observed differences in molecular dynamics are 
also in good agreement with previous ESR studies utiliz- 
ing spin-labeled phosphatidylcholine and plasmenyl- 
chofine probes [14] which demonstrated that molecular 
motion in the hydrophobic portion of plasmenylcholine 
is more constrained than in its diacyt phospholipid 
counterpart. The longer Tt values of the terminal 
methyl, vinyl and bisallylic methylene protons present 
in phosphatidylcholine bilayers compared to 
plasmenylcholine bilayers likely reflect the tighter pack- 
ing of plasmenylcholine molecules in membrane bi- 
layers in agreement with a recently proposed model 
[171. 

These studies are also the first to demonstrate that 
substantial decreases in the proton spin-lattice relaxa- 
tion times in the interior regions of the plasmenylcho- 
line bilayer result from incorporation of cholesterol into 
the lipid matrix. Importantly, the magnitude of this 
decrease is larger in vesicles comprised of plasmenyl- 
choline in comparison to phosphatidylcholine vesicles. 
Thus, these results demonstrate that each choline 
glycerophospholipid subclass possesses a differential 
susceptibility to modulation of their motional character- 
istics by cholesterol. 
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Fig. 5. Comparisons of proton T I relaxation times of selected molecu- 
lar functional groups in phosphatidylcholin¢ and plasmenyleholine 
bilayers at 50°C. Sonicated unilamellar vesicles of PA PhosCho (o). 
PA PlasCho ([3), PO PhosCho (A) or PO PlasCho (0) ,,,,'ere prepared 
and proton T~ relaxation times of selected groups were determined at 
300 MHz utilizing the fast inversion recovery method for each func- 
tional group as described in Materials and Methods. Ti data represent 
the mean value of at least three independent sample preparations. The 

standard errors are less than 10c$ of the mean values. 

The polar head group dynamics (as characterized by 
the T~ relaxation times of choline methyl and methylene 
protons) in bilayers comprised of PO PhosCho or PA 
PhosCho are not substantially altered by cholesterol 
which is comparable to results utilizing disaturated 
phosphatidylcholine in previous studies [18-20]. In con- 
trast, the T I relaxation times of choline methylene pro- 
tons in plasmenylcholine/cholesterol bilayers (both PO 
PlasCho and PA PlasCho) increase with the introduc- 
tion of cholesterol. It has previously been demonstrated 
that cholesterol increases the separation between polar 
head groups in phosphaticylcholine bilayers thereby 
attenuating phospholipid-phospholipid interactions 
[21]. Since the spin-lattice relaxation times of choline 
methylene protons in plasmenylcholine are substantially 
increased by cholesterol in comparison to their diacyl 
phospholipid counterparts, these results are compatible 
with the 'spacer effect' of cholesterol and support previ- 
ous conformational studies which demonstrated that 
plasmenylcholine bilayers are more compact than phos- 
phatidylcholine bilayers at the membrane interface [17]. 

Typically the 1H 7"1 relaxation time is dependent on 
both the ofientational order and segmental mobility 
[22]. However, analysis of Arrhenius plots of the tem- 
perature dependence of proton spin-lattice relaxation 
times demonstrated a high coefficient of linearity over 
the temperature range studied. Such linear behavior is 
anticipated from the formalisms proposed by Chart et 
al. [8,24] as well as Brown [22] relating proton T I 
relaxation times to the rotational correlation time in 
sonicated bilayers. Chart et al. [8,23,24] proposed: 

1/7"~ = A~, + B~- 2~I (2) 
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where A and B are constants which depend on the 
nucleus and "r, and %_ are the effective correlation time 
parallel and perpendicular to the membrane director, 
and to o is the observed nuclear magnetic resonance 
frequency. Similarly, the model proposed by Brown [22] 
to mathematically describe spin-lattice relaxation time 
in lipid bilayers is summarized by the following for- 
malism: 

I / T t = A'rf + BS~HOo I /2 (3) 

where A, B, and % have the same meanings as in Eqn. 
2, ~'t is the effective correlation time of fast motion and 
SCH is the observed bond segmental order parameter. 
At sufficiently high magnetic field and temperature, the 
second term in Eqns. 2 and 3 can be effectively ne- 
glected resulting in the appea:ance of linear Arrhenius 
plots. Apparent activation energies obtained from 
Arrhenius plots of relaxation times identify the temper- 
ature-dependent probability of IH-NMR observable 
motions and provide additional insight into differences 
in the membrane dynamics of these subclasses. Smaller 
activation energies for the motion of bisallylic methyl- 
ene and vinyl protons in plasmenylcholine bilayers are 
present in comparison to phosphatidylcholine. Al- 
though the activation energies of the terminal methyl 
protons decrease with incorporation of cholesterol into 
phosphatidylchofine and plasmenylcholine bilayers, only 
small effects on other segmental protons are elicited. 
Importantly, the effect of cholesterol on the activation 
energies of terminal methyl protons in plasmenylcholine 
bilayers is much greater than in phosphatidylcholine 
bilayers. It should be recognized that measurement of 
spin-lattice relaxation times in unilamellar vesicles are 
influenced by the constraints present in molecular ag- 
gregates which possess a high radius of curvature. 

Collectively, these results demonstrate that separate 
and distinct membrane molecular dynamics and interac- 
tions with cholesterol are present in plasmenylcholine 
and phosphatidylcholine bilayers. Since myocardial 
sarcolemma is highly enriched in arachidonylated 
pIasmalogens and cholesterol, it is tempting to speculate 
that specific binary interactions between these lipid 
constituents facilitate the optimal function of critical 
transmembrane proteins. The results contained herein 
underscore the differences between different subclasses 
of naturally occurring phospholipids. It is hoped that 

these studies will provide impetus for further 1H spin- 
spin relaxation experiments and 2H-NMR experiments 
employing naturally occurring as well as specifically 
deuterated phospholipids. 

Acknowledgements 

This study was supported by NIH Grant HL34839 
and Monsanto. R.W.G. is the recipient of an Estab- 
lished Investigator award from the American Heart 
Association. 

References 

I Gross, R.W. (1984) Biochemistry 23, 158-165. 
2 Gross, R.W. (1985) Biochemistry 24, 1662-1668. 
3 Philipson, K.D., Bers, D.M. and Mishimoto, A.M. 0980) J. Mol. 
Cell. Cardiol. 12, i159-I173. 

4 Tibbits, G.F., Sasaki, M., Ikeda, M., Shimada, K., Tshunihara, T. 
and Nagatomo, T. (1981) J. Mol. Cell. Cardiol. 13, 1051-1061. 

5 Colvin, R.A., Ashavaid, T.E and Herbette, L.G. (1985) Biochim. 
Biophys. Acta 812, 601-608. 

6 Mudler, H.W., Purdon, A.D., Smith, J.B. and Wykle, R.L. 0983) 
Lipids 18, 841-819. 

7 Ford, D.A. and Gross, R.W. (1989) Proc. Natl. Acad. Sci. USA 86, 
3479-3483. 

8 Pace, RJ. and Chan, S.I. (1982) J. Chem. Phys. 76, 4228-4240. 
9 Whealdon, L.W., Schumert, Z. and Turner, D.A. (1965) J. Lipid 

Res. 6, 481-489. 
10 Wolf, R.A. and Gross, R.W. (1985) J. Lipid Res. 26, 629-633. 
11 Bligh, E.G. and Dyer, W. J. (1959) Can. I. Biochem. Physiol. 37, 

911-917. 
12 Cieer, M.H. and Gross, R,W, (1985) I. Chromatogr. 338, 61-69. 
13 Han, X. (1990) Ph.D. Thesis (Washington University in St. Louis). 
14 Pak, J.H., Bork, W.P., Norberg, R.E., Creer, M.H., Wolf, R.A. and 

Gross, R.W. 0987) Biochemistry 26, 4824-4830. 
15 Fink, K.L. and Gross, R.W. 0984) Circ. Res. 55, 585-594. 
16 Caner, D., Levy, G.C. and Peal, I.R. (1975) J. Magn. Reson. 18, 

199-204. 
I"/ Hart, X. and Gross, R.W. 0990) Biochemistry 29, 4992-4996. 
18 Keough, K.M., Oldfield, E., Chapman, D. and Beynon, P. (1973) 

Chem. Phys. Lipids 10, 37-50. 
19 ~qtockton, G.W., Polnaszek, C.E., Leilch, L.C., TuUoch, A.P and 

Smith, I.C.P. (1974) Biochem. Biophys. Res. Commun. 60, 844- 
850, 

20 Brown, M.E. and Se~lig, J. 0978) Biochemistry 17, 381-384. 
21 Yeagle, P.L. (1985) Biochim. Biophys. Acta 822, 267-287. 
22 Brown, M.E. (1984) J. Chem. Phys. 80, 2801-2831. 
23 Kroon, P.A., Kainosho, M. and Chart, S.I. (1976) Biochim. Bio- 

phys. Acta 422, 282-293. 
24 Bocian, D.F. and Chan, S.I. (1978) Annu. Rev. Phys. Chem. 29, 

307-335. 


