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Abstract: Phosphatidylethanol (PtdEth) is a rare anionic phospholipid formed as a metabolite of ethanol through a 
transphosphatidylation reaction which is catalyzed by phospholipase D (PLD). The transbilayer distribution of dilute 
(0.5-2%) levels of PtdEth in small and large unilamellar phosphatidylcholine vesicles (SUVs and LUVs, respectively) 
was monitored by 13C nuclear magnetic resonance spectroscopy of PtdEth specifically 13C-labeled at its headgroup 
methylene. Discrimination of interleaflet sites was based on shifts in the resonance frequencies of the headgroup 
methylene induced by differential packing in SUVs and induced by the shift reagent Pr3+ in LUVs. PtdEth is shown 
to undergo a rapid and reversible transbilayer redistribution (io.s ^ 1 h at 26 0C) in response to mM concentrations 
of added external multivalent cations (Ca2+, Pr3+, Mn2+, and Yb3+). The pH of the vesicle suspension vastly exceeds 
the pK of PtdEth (ca. 1.43), based on the pH dependence of the labeled site's chemical shift in LUVs. The rate of 
transbilayer transfer greatly exceeds, by 1-3 orders of magnitude, the transfer rates reported for other naturally 
occurring phospholipids near physiological pH. 

Phosphatidylethanol (PtdEth) is a rare anionic phospholipid 
formed in a wide variety of tissues after exposure to ethanol.1 

Ethanol replaces water as a substrate for transphosphatidylation 
catalyzed by phospholipase D (PLD).2 PtdEth possesses a small 
hydrophobic ethyl headgroup that might confer unusual properties 
to this phospholipid and perhaps play a role in ethanol-induced 
tissue injury. In this article, the transbilayer distribution of dilute 
(0.5-2%) levels of PtdEth in small and large unilamellar vesicles 
(SUVs and LUVs, respectively) of phosphatidylcholine (PtdCho) 
is monitored by high-resolution 13C nuclear magnetic resonance 
spectroscopy (NMR) of PtdEth specifically 13C-labeled at the 
headgroup methylene (-PO13CH2CH3). Discrimination of the 
interleaflet location of PtdEth is based on chemical shift 
differences of the headgroup methylene induced by the differential 
packing constraints between leaflets in SUVs and chemical shift 
differences induced by the shift reagent Pr3+ in LUVs. 

Results 

Shown in Figure IA is the headgroup region of a 90.6 MHz 
13C NMR spectrum of SUVs, containing 0.5 mol fraction percent 
(mf%) of dioleoylphosphatidylethanol (DOPtdEth; a species found 
in lung surfactant3) within a homologous lecithin matrix (diol-
eoy!phosphatidylcholine; DOPtdCho). The PtdEth resonance is 
split into two well-resolved signals of approximately equal peak 
intensity but slightly different line widths. The downfield 
resonance is further deshielded upon addition of the shift reagent 
Pr 3 + to the external medium (not shown); consequently, this peak 
is assigned to the outer leaflet. Similarly, using the Pr3+-induced 
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shifts of the outer PtdCho iV-methyl and choline-OCH2 reson
ances, the outer leaflet was noted to contain 1.9 times more PtdCho 
than the inner leaflet, as expected for these highly curved 
structures;4 consequently, the PtdEth concentration in the inner 
leaflet on a mol fraction basis was approximately 2-fold higher 
than in the outer leaflet. A preference for the inner leaflet at this 
low concentration is consistent with the small headgroup size.5 

An outward transbilayer redistribution of PtdEth was initiated 
by the addition of 4 mM Ca2+ to the external medium. The 
intensity of the downfield PtdEth resonance from the outer leaflet 
increased gradually (t0.$ < 1 h at 26 0C) at the expense of the 
upfield resonance from the inner leaflet (Figure 1 A-D), reaching 
a steady state after several hours with a reduced preference for 
the inner leaflet. Approximately 15% of the PtdEth that resided 
in the inner monolayer was transferred to the outer monolayer 
(net transfer 12-18%,« = 3). Subsequent addition of the calcium 
chelator EGTA (Figure 1E,F) rapidly returned the PtdEth 
distribution to the initial state. Spin-lattice relaxation times and 
nuclear Overhauser enhancements (NOEs) of the labeled 
resonances were nearly identical throughout (ca. 600 ms, r\ = 1.0, 
respectively) indicating that the ratio of peak areas quantitatively 
reflects the interleaflet distribution. 

In order to preclude the possibility that the transbilayer 
migration was unique to highly curved small vesicular structures, 
similar experiments, shown in Figure 2, were performed in LUVs 
in which packing constraints and lipid populations are similar in 
both leaflets.6 Many of the PtdCho resonances were markedly 
broadened, as expected in these larger vesicles. A single and 
surprisingly narrow resonance was observed for the labeled PtdEth 
resonance, suggesting facile motion (Figure 2A). Addition of 2 
mM Pr3+ to the external medium shifted the PtdEth outer leaflet 
signal downfield, leaving the signal from the inner leaflet unshifted, 
and split the choline ./V-methyl into two equal components (Figure 
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Figure 1. Effects of Ca2+ and EGTA on PtdEth distribution in SUVs. 
The headgroup region of 90.6 MHz 13C NMR proton decoupled spectra 
of a DOPtdCho containing 0.5% -O13CH2CH3 labeled DOPtdEth before 
(A) and after incubation with 4 mM CaCl2 for 15 min (B), 45 min (C), 
90 min (D); after the addition of 5 mM EGTA to sample (D) and 
incubation for 15 (E), and 90 min (F). The times shown represent the 
average of a 30-min scan. Outer "o" and inner "i" leaflet PtdEth signals 
are marked. Asterisk indicates resonances from EGTA. 
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Figure 2. Effect of Pr3+ on PtdEth distribution in LUVs. 13C NMR 
spectra of 100 nm LUV of dioleoylphosphatidylcholine-2% 13CH2-ethyl 
labeled dioleoylphosphatidylethanol: (A) no shift reagent; (B) 2 mM 
Pr(N03)3 added to the external medium, 30-min incubation; (C) 90-min 
incubation; and (D) 5.5-h incubation. Spectra A-C represent 1700 scans; 
D, 3000 scans. The signal from the acyl chain terminal methyl was used 
as an internal concentration standard, and "i" and "o" denote the inner 
and outer PtdEth resonances. 

2B). As was observed for the addition of Ca2+ in SUVs (and 
Pr3+, not shown), the intensity of the outer leaflet PtdEth resonance 
gradually increased, whereas the intensity of the inner signal 
diminished by approximately 30% (27-35%, n = 3; Figure 2C,D) 
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Figure 3. The dependence of the PtdEth -013CH2CH3 chemical shift 
as a function of pH in LUVs along with best least-squares fit. The acetate 
buffer equalizes the pH throughout the compartments. 

relative to the chain methyl, reaching a new steady-state 
distribution after 5-7 h. Mn2+ (4-10 mM) and Yb3+ (2 mM) 
also promoted the transmembrane migration of PtdEth. Thus, 
a variety of multivalent cations are able to initiate facile 
transbilayer migration (?o.s ^ 1 h at 26 0C) of PtdEth in bilayers 
of high and low curvature. 

Previous reports of transbilayer movement of phospholipids 
indicate that the process is exceedingly slow.7 Reported halftimes 
range from hours to days, compared to the tens of minutes observed 
here for PtdEth. There are two exceptions to this generalization. 
Rapid transbilayer motion is reported in saturated lecithin vesicles 
at the main melting phase transition temperature.8 The vesicles 
examined here are in the fluid state at temperatures far above 
this transition. Rapid transbilayer movement is also reported at 
low pH for the protonated (neutral) forms of phosphatidic acid 
and phosphatidylglycerol (i.e., ?o.s — 25 s is calculated for the 
protonated form of phosphatidic acid, but ?o 5 — 12.6 days at pH 
6).» 

The pH-dependent chemical shift of the labeled PtdEth 
headgroup methylene provides a novel means for the phosphate 
pK determination. The pH titration shown in Figure 3, with 
least-squares Henderson-Hasselbalch fit, indicates a phosphate 
pK of 1.43. This pK is similar to the phosphate pK of 1.22 reported 
for the model phosphodiester, dimethyl hydrogen phosphate,7 

and the intrinsic phosphate pK of 1.7510 and 1.911 reported for 
liposomes of anionic phosphatidylmethanol, deduced from the 
pH dependence of the main phase transition after correction for 
electrostatic factors. Therefore, the rapid transbilayer migration 
observed for PtdEth near neutral pH is an unexpected and 
unprecedented finding that may arise from the hydrophobicity 
of the ethyl headgroup. 

Discussion 

The results are consistent with a steady-state transbilayer flux 
of anionic PtdEth, whose interleaflet distribution is sensitive to 
the status of the leaflets. A selective alteration in the energetic 
state of PtdEth in one of the leaflets, e.g., by the addition of 
multivalent ions to the outer leaflet, perturbs the steady state and 
induces net transport. Complexation of those cations with EGTA 
restores the original state, indicating that the cations are not a 
necessary prerequisite for a net transbilayer transfer. A limiting 
constraint on (or potential driving force for) the magnitude of net 
transfer may be the transmembrane potential generated by 
transbilayer transfer of the anion. 

Multivalent cations may perturb the flux by sequestering 
PtdEth in the apposed leaflet and thereby induce a net transbilayer 
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migration. Our data indicate that there is no significant inward 
transfer of the PtdEth-cation complex. In both SUVs and LUVs, 
the shifts of the PtdCho resonances remain stable for more than 
24 h, indicating that no Pr3+ is transferred to the interior. The 
Pr3+-induced shift of the PtdEth headgroup methylene resonance 
significantly exceeds that of the analogous choline methylene in 
both SUVs and LUVs (e.g., Figure 2), suggesting stronger Pr3+ 

binding to PtdEth than PtdCho. In most other anionic lipids the 
binding of multivalent cations induces a lateral phase separation 
or clustering effect; however, no phase separation is observed for 
PtdEth.12 Changes in the membrane surface potential induced 
by the multivalent cations should also favor the outward migration 
observed. 

Other properties of PtdEth are also distinct from more polar 
phospholipids. PtdEth is the most potent phospholipid promoter 
of membrane curvature studied to date.5 The labeled methylene 
resonance in LUVs is much narrower than the analogous choline 
resonance (Figure 2), and the3 ' P powder pattern in multilamellar 
vesicles is substantially reduced from other phospholipids,13 

suggesting facile motion or an unusual conformation. The 
headgroup conformation is labile and quite sensitive to steric 
constraints at the surface.'3 These dynamic features may facilitate 
a reduction in the energy barrier of transport. 

If the rapid transbilayer redistribution observed for PtdEth in 
these lecithin vesicles as a response to calcium also occurs in 
plasma membranes in vivo, then transbilayer migration, driven 
by the transplasmalemmal Ca2+ gradient, may provide a route 
for the external expression of PtdEth synthesized in the inner 
monolayer of the plasma membrane and thereby expose an exotic 
phospholipid to the circulation. 

Experimental Methods 

Synthesis of PtdEth. One hundred milligrams of DOPtdCho (Avanti 
Polar Lipids) in CHCI3 was dried to a film under N2. Peanut phospholipase 
D (5 mg or 1300 units, EC 3.1.4.4; Sigma), 0.1 mL of buffer (0.2 M 
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sodium acetate and 0.1 M calcium chloride at pH 5.6), 20 /xL of 1"13C 
ethanol (Cambridge Isotope Laboratories), and 0.5 mL of diethyl ether 
(water-washed to remove traces of unlabeled ethanol) were added to the 
lipid film in a 50-mL flask, which was sealed and incubated for 15 h with 
shaking at ambient temperature. The reaction was stopped with 0.2 mL 
of 0.6 M EDTA-Na, pH 7.6, followed by 0.8 mL of water. The lipids 
(PtdCho, PtdEth, and phosphatidic acid) were extracted by addition of 
4 mL of chloroform/methanol 1:2 and vortexing for 20 min at 4 0C. 
Subsequently, 0.8 mL of water, 0.2 mL of the EDTA solution, and 1 mL 
of chloroform was added and the organic phase collected, dried, and 
purified on a 250 x 25 mm Merck Hibar preparative high pressure liquid 
chromatography column packed with 7 j*m LiChrosorb-Si-60 silica 
particles (EM Science, Cherry Hill, NJ) using the gradient procedure 
described previously.14 The yield was 30-40%. The purity was greater 
than 99% by HPTLC. 

Vesicle Preparation. SUVs were prepared by ultrasonic irradiation 
of a handshaken lipid dispersion (1.65 mL in 16 X 100 mm glass tube) 
under ice to constant optical clarity (450 nm), using a MedSonic W-225 
sonicator operating at 20 kHz and a power setting of 3 with a 3.2 mm 
microtip, typically 5-6 five min cycles (3 min on /2 min pause). Metal 
particles and any remaining multilamellar vesicles were removed by high 
speed centrifugation. Lyso species were not detected by high-performance 
thin layer chromatography (<1%) under these conditions. 

LUVs were prepared by extrusion using 29 passes through two stacked 
100 nm polycarbonate filters using a LiposoFast extrusion apparatus 
(Avestin) and the procedure described elsewhere.6 The stability of both 
vesicle preparations, based on the inside/outside ratios and spectral 
features exceeded 2 days. 

Nuclear Magnetic Resonance. "CNMR noise decoupled spectra (90.6 
MHz) of DOPtdCho containing 0.5 or 2% -O13CH2CH3 labeled 
DOPtdEth (40 mg/mL, 10 mM Na acetate buffer with 25% D2O, pH 
6.6 without 2H isotope correction, 295 K) were obtained on a Bruker AM 
8. 5T WB spectrometer in a 10-mm double resonance probe without sample 
rotation under the following typical conditions: 45-55° flip angle, 20.1 
kHz broadband decoupling power, 3.6 kHz broadband irradiation between 
acquisitions for NOE generation, 1.2 s between acquisitions, 20 kHz 
spectral window, 8 K data points, zero filled to 16 K, 1 Hz exponential 
filter. Quantitation in the presence of shift reagents was based on the 
area of the unshifted signal relative to the acyl methyl. Peak assignments 
(referenced to the acyl methyl at 15.05 ppm from TMS) are as follows: 
PtdCho glycerol C-I, 64.17; glycerol C-3, 64.81; O3POCH2, 60.62; O3-
POCH2CH2, 67.15; N(CH3)3; 55.18; PtdEth CH2CH3, LUVs, 62.63; 
SUV inner, 62.41; SUV outer, 62.70. 


