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SUMMARY

This study measured the possible cross-reactivity of hapten-
specific IgG antibodies purified from the sera of rabbits sensitized
to an albumin-acetaldehyde conjugate [N-ethyi-rabbit serum al-
bumin (N-ethyl-RSA)] with acetaldehyde-phosphatidylethanola-
mine adducts. The N-ethyl-RSA was coupled to an Affigel-10
column to affinity purify the IgG (anti-N-ethyl-RSA IgG). Dioleoyl-
phospha ine (DOPE) was reacted with acetalde-
hyde to form a Schiff base, which was reduced to N-ethyl-DOPE,
purified by high pressure liquid chromatography, and analyzed
with direct chemical ionization mass spectrometry. Lameliar li-
posomes containing either 5% by weight N-ethyl-DOPE and 95%
egg phosphatidyicholine or a mixture of 5% N-ethyl-DOPE, 71%
DOPE, and 24% dioleoylphosphatidyicholine, as well as hexag-

onal phase micelles containing 5% N-ethyl-DOPE and 95%
DOPE, were by sonication. Anti-N-ethyl-RSA IgG was
then incubated with each of these lipid mixtures for 30 min, a
fluorescein-conjugated goat anti-rabbit IgG was added for an
additional 30 min, and then binding of anti-N-ethyl-RSA IgG to
N-ethyl-DOPE in the liposomes or micelles was measured by
flow cytometry. Anti-N-ethyl-RSA IgG bound to N-ethyl-DOPE in
both vesicles and hexagonal phase micelles, but the affinity was
16 times greater for the hapten in the hexagonal phase. This
result demonstrates that physical presentation of the hapten can
affect antibody ition and that antibodies raised against N-
ethyl-RSA can cross-react with acetaldehyde-phospholipid ad-
ducts.

Metabolism of ethanol by both alcohol dehydrogenase and
cytochrome P450 produces acetaldehyde that permeates the
liver and circulates in the blood (1, 2). In vivo, acetaldehyde
forms stable N-ethyl-lysine adducts (3, 4) with intracellular
proteins such as hemoglobin (5), cytochrome P45011E1 (6), and
a M, 37,000 liver protein (4). Specific antibodies appear in the
serum following ethanol ingestion and the titer of these anti-
bodies correlates with the severity of hepatic damage (1). Syn-
thetic adducts of acetaldehyde with proteins such as hemocy-
anin or albumin also elicit production of polyclonal antibodies
in rabbits and monoclonal antibodies in mice that demonstrate
a high affinity for these adducts (5).

The role of these antiacetaldehyde antibodies in alcoholic
cirrhosis is a subject of much debate. It seems clear that they
can serve as markers of alcohol consumption and as a warning
of extensive liver damage (1). However, it also has been sug-
gested that these antibodies may initiate antibody-mediated
hepatotoxicity by binding to the surface of hepatocytes (7-10).
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This mechanism would suggest that, when antibodies have
bound to the surface of hepatocytes, neutrophils or complement
would recognize the antibodies and lyse the cells. The relevance
of the latter step in this mechanism is strengthened by our
recent demonstration that activated neutrophils can lyse he-
patocytes (11). However, a difficulty with the suggestion of
immune-mediated cytotoxicity is that proteins of the cytosol
and endoplasmic reticulum that form adducts with acetalde-
hyde are unlikely to appear on the outer surface of the hepa-
tocyte to act as antigens (12).

There is evidence that N-ethyl-phosphatidylethanolamines
could appear on the surface of hepatocytes, where they could
be recognized by circulating antibodies. Kenney (13, 14) has
shown that, in an in vitro incubation with rat liver microsomes,
acetaldehyde forms a Schiff base with phosphatidylethanola-
mine and this adduct is reduced to the corresponding N-ethyl-
phosphatidylethanolamine. We have shown that similarly mod-
ified phospholipids rapidly equilibrate with the surface of other
biological membranes during in vitro incubations (15, 16).

In these experiments we tested whether adducts of acetalde-
hyde with phospholipids could serve as haptenic binding sites
for the antibodies that were elicited by acetaldehyde-protein

ABBREVIATIONS: N-ethyl-DOPE, N-ethyidioleoyiphosphatidylethanolamine; RSA, rabbit serum albumin; DOPE, dioleoyiphosphatidylethanolamine;
DOPC, dioleoyiphosphatidyicholine; N-ethyl-RSA, adduct of acetaldehyde with RSA after reduction; TLC, thin layer chromatography; HPLC, high
pressure liquid chromatography; DCI-MS, direct chemical ionization mass spectrometry; PBS, phosphate-buffered saline.
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adducts. We investigated antibody binding to phospholipid
adducts contained in two host environments: 1) lamellar phase
liposomes, because most studies of antiphospholipid antibodies
have been performed on them (17-20), and 2) hexagonal phase
micelles, because recent studies have demonstrated that the
antigenicity of phospholipids in hexagonal phase micelles is
greatly enhanced (21-23). For example, lupus anticoagulants,
a subclass of antiphospholipid antibodies, distinguish between
lamellar and hexagonal phase phospholipids and bind only to
the latter phase.

We incorporated synthetic N-ethyl-DOPE into lamellar
phase liposomes formed from either egg phosphatidylcholine or
a mixture of DOPC and DOPE (24) or hexagonal phase micelles
formed from DOPE (24, 25). Two kinds of lamellar liposomes
were prepared because egg phosphatidylcholine liposomes are
the most well characterized, whereas the mixture of DOPE and
DOPC forms lamellar phases that have fatty acid chains with
length and unsaturation identical to those in the DOPE mi-
celles. The binding of affinity-purified IgG antibodies raised
against an adduct of acetaldehyde with RSA (N-ethyl-RSA) to
these liposomes or micelles was quantified by addition of a
fluorescein-conjugated second antibody and subsequent meas-
urement of fluorescence with flow cytometry.

Experimental Procedures

Materials. RSA, ovalbumin, gold-conjugated goat antibody raised
against rabbit IgG, and trinitrobenzenesulfonic acid were purchased
from Sigma (St. Louis, MO); fluorescein-conjugated goat antibody
raised against rabbit IgG was purchased from Caltag (South San
Francisco, CA); and Texas red-conjugated phosphatidylethanolamine
was purchased from Molecular Probes (Eugene, OR). All phospholipids
were purchased from Avanti Polar Lipids, Inc. (Pelham, AL). Pyridine
and sodium cyanoborohydride were purchased from Aldrich Chemicals
(Milwaukee, WI), Affi-Gel 10 affinity resins were purchased from Bio-
Rad (Richmond, CA), and all other reagents were purchased from
J. T. Baker (Phillipsburg, NJ).

Synthesis of N-ethyl-RSA adducts. The synthesis of N-ethyl-
RSA was performed by a modification of the techniques used by Means
and Feeney (26) and Kenney (13, 14). RSA was dissolved at a concen-
tration of 10 mg/ml in a 10 mM solution of sodium cyanoborohydride
in PBS. Redistilled acetaldehyde was then added to the mixture (final
concentration, 100 mM) and incubated at 37° for 18 hr. The samples
were then removed from the incubator and dialyzed against 3 X 2 liters
of Tris- HCI buffer, pH 8.3. The degree of modification of the RSA was
determined to be 78 + 2% by measurement of the content of free amino
groups with trinitrobenzenesulfonic acid (27).

Production and purification of hapten-specific IgG. Six New
Zealand White rabbits were injected with 100 ug each of the N-ethyl-
RSA emulsified in Freund’s complete adjuvant. Rabbits were boosted
every 4 weeks with 100 ug of N-ethyl-RSA emulsified in Freund’s
incomplete adjuvant, and serum was collected on a weekly basis from
each rabbit, starting 1 week after the first boost. On those weeks in
which the rabbits were boosted, serum was not collected. Blood was
collected from an ear vein and allowed to clot overnight at 4°. The IgG
fraction was purified from the serum according to the procedures
described by McKinney and Parkinson (28). Briefly, albumin and other
proteins were first precipitated with caprylic acid and the immunoglob-
ulins were then precipitated with ammonium sulfate. The hapten-
specific IgG was then purified by affinity chromatography as follows.
A preparation of N-ethyl-RSA was reacted with Affi-Gel 10 according
to the procedures supplied with the preactivated resin. The affinity
column was then charged with the purified IgG and washed with 100
volumes of PBS. The N-ethyl-RSA-specific IgG was eluted with 4 M

KSCN and immediately diluted with 9 volumes of PBS. The prepara-
tion was then concentrated to a volume of 5 ml with a Millipore CX-
30 vacuum concentrator and dialyzed against 3 X 2 liters of PBS at 4°.
The affinity-purified IgG was aliquoted into 0.5-ml volumes and stored
at —20° until used. Purified samples of IgG from preimmune rabbits
(preimmune IgG) were also prepared, to be used as controls.

Synthesis of phosphatidylethanolamine-acetaldehyde conju-
gates. Synthesis of N-ethyl-DOPE was carried out essentially as
described by Kenney (13, 14). Twenty milligrams of DOPE were
dissolved in 250 ul of Ch,Cl,, in a 3-ml Reacti-vial that was flushed
with N, and then placed in an aluminum block that was chilled by ice.
Then, 20 ul of pyridine were added through a Teflon-sealed septum
and 10 mg of freshly redistilled acetaldehyde dissolved in 200 ul of
CH,CIl, were chilled and then added to the phospholipid with a gas-
tight syringe. The formation of the Schiff bases continued at 0° for 30
min and then a solution of 50 mg of NaCNBH; dissolved in 250 ul of
methanol was added through the septum. The mixture was allowed to
come to room temperature for 10 min, and then 500 ul of water, 200 ul
of methanol, and 400 ul of CHCl; were added. The mixture was
centrifuged and the lower phase was removed and blown dry with N,.

HPLC of acetaldehyde-phosphatidylethanolamine adducts.
HPLC was performed on a Beckman Altex system with a 25- X 1-cm
Si 60-199 Brownlee cartridge column, at a flow rate of 2 ml/min. The
products were detected with a Varian Varichrome multiwavelength
detector set at 215 nm. A binary gradient system was formed from the
following mixtures: hexane/isopropanol/0.1 M NHHCO,, pH 7.0, at
40:58:2 (solvent A) and 40:50:10 (solvent B). The elution program was
as follows: 100% A until 5 min, a linear gradient to 100% B from 5 to
35 min, and 100% B from 35 to 70 min. The actual shape of the gradient
was monitored with a Waters refractive index detector. Two milligrams
of the reaction mixture were dissolved in 100 ul of solvent A and were
injected with a loop injector. Under these conditions, the N-ethyl-
DOPE eluted at 38.2 min and the N,N-diethyl-DOPE adduct eluted at
16.5 min.

TLC of phosphatidylethanolamine adducts. The products that
eluted at 38.2 and 16.5 min in HPLC were compared with the original
reaction mixture by TLC on 5- X 20-cm Merck silica gel 60 Fas, plates
run in a solvent system of CHCls/methanol/concentrated NH,OH
(65:30:5). The spots were visualized by exposure to iodine vapor and
molybdate spray reagent. Under these conditions, DOPE, N-ethyl-
DOPE, and N,N-diethyl-DOPE had Ry values of 0.27, 0.42, and 0.57,
respectively. Visual examination of the intensity of the resulting spots
suggested that the N-ethyl and the N,N-diethyl adducts each were
formed in approximately 30% yield.

Mass spectral analysis. Mass spectra were obtained by DCI-MS
in the negative ion mode, using ammonia as a reagent gas, with a
Hewlett Packard 5985A mass spectrometer modified as described by
Jamieson and co-workers (29, 30). Phospholipids were dissolved at a
concentration of 1 ug/ul in the HPLC solvent system, hexane/isopro-
panol/0.1 M NH,HCO; (40:54:6). One microliter of the solution was
applied to a polyimide-coated fused silica fiber used as an extended
probe tip. The solvent was evaporated and the probe was inserted into
the mass spectrometer without internal heating of the probe tip. The
sample was vaporized by the ambient 350° source block temperature
and was ionized in the ammonia gas plasma.

Preparation of liposomes and vesicles containing N-ethyl-
DOPE. Liposomes containing either 5% (by weight) N-ethyl-DOPE
and 95% egg phosphatidylcholine or a mixture of 5% N-ethyl-DOPE,
71% DOPE, and 24% DOPC, as well as hexagonal phase micelles
containing 5% N-ethyl-DOPE and 95% DOPE, were prepared by
mixing the lipids in CHCl; in 6-ml flat-bottomed Vari-Clean vials
(Pierce Chemical, Rockford, IL), removing the solvent with a stream
of nitrogen, and then removing traces of solvent in a vacuum desiccator.
Before mixing, the concentrations of the various phospholipids were
determined by phosphate analysis (31). The lipids were hydrated in
PBS at a concentration of 200 ug/ml for 1 hr and then treated with
sonication in a bath sonicator for 3 X 1 min at room temperature. The
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flat-bottomed vials provided exceptional coupling, with the ultrasonic
transducer, and rapidly produced clear suspensions of liposomes. In
order to preserve homogeneity of size and concentration, sufficient
liposomes and micelles for an entire experiment were prepared and
then aliquoted.

Analysis of antibody affinity for N-ethyl-DOPE by flow cy-
tometry. Mixtures containing a total of 100 ug of phospholipids in 0.5
ml of PBS were placed in 13- X 100-mm test tubes, and 5 ug of either
anti-N-ethyl-RSA IgG or preimmune IgG were added. After a 30-min
incubation at 22°, 5 ug of fluorescein-conjugated secondary antibody
were added and the mixture was lightly agitated. After a 30-min
incubation at 22°, the samples were analyzed by flow cytometry. All
samples were prepared in triplicate. As a control for autofluorescence
of the phospholipids or the anti-N-ethyl-RSA IgG, samples in which
the fluorescein-conjugated secondary antibody was omitted were pre-
pared. As a control for nonspecific binding of the fluorescein-conjugated
IgG to liposomes or micelles, samples without anti-N-ethyl-RSA IgG
were prepared. In preliminary experiments (data not shown), 100 ug of
the total phospholipid mixtures were tested with a matrix of 1, 5, and
10 ug of the primary IgGs and 1, 5, and 10 ug of the fluorescein-
conjugated secondary antibody. In addition, phospholipid mixtures
containing 1, 5, and 10% N-ethyl-DOPE were probed with 5 ug of
antiN-ethyl-RSA IgG followed by 5 ug of fluorescein-conjugated sec-
ondary antibody. The combination of 6% N-ethyl-DOPE with 5-ug
amounts of both primary and secondary IgG was found to give an
optimum compromise between fluorescence intensity and background.

Flow cytometry was performed on a Facstar II (Becton Dickinson).
The analysis of particles was gated on forward scatter and 10,000
particles were counted from each sample. All samples were prepared
and run in triplicate. The log scale intensities of fluorescein intensity,
forward scatter, and obtuse scatter were recorded for each sample. In
order to select for liposomes or micelles rather than small clumps of
fluorescent antibodies, the fluorescence intensity of only those particles
with forward scatter and obtuse scatter intensity greater than 40 (40
of 250 channels; see Fig. 2) was integrated (32).

In a control experiment to determine the homogeneity of the parti-
cles as well as to set the appropriate forward and obtuse scatter limits,
0.01 mol % of Texas red-conjugated phosphatidylethanolamine was
mixed with DOPE in CHCl;. The mixture was taken to dryness and
then hydrated, and micelles were formed as described above for the
other lipids. These micelles were studied by flow cytometry by collecting
Texas red fluorescence, fluorescein fluorescence, forward scatter, and
obtuse scatter (32).

Results

The structure of the synthetic N-ethyl-DOPE was confirmed
by negative ion ammonium DCI-MS, as shown in Fig. 1. The
base peak in the spectrum is the molecular ion at m/z 770 (M
— H*, as expected for negative ion mass spectrometry). A
second major and diagnostic fragment is m/z 699 (M —
C.H,NHC.H;, the N-ethyl-ethylamine headgroup of the phos-
pholipid). The assignment of the N,N-diethyl-DOPE structure
to the peak that eluted at 13 min from HPLC and had an Ry
on TLC of 0.57 (14) was confirmed by a mass spectrum that
had ions of m/z 798 (M — H*, the base peak in the spectrum),
770, 752, 727, 719, and 699 (dioleoylglycerolphosphate). A con-
trol mass spectrum of DOPE had ions of m/z 742 (M — H*,
base peak in the spectrum), 724 (M — 18), and 699 (dioleoyl-
glycerolphosphate). To our knowledge, this is the first reported
DCI-MS mass spectrum of DOPE in which the molecular ion
is the base peak.

The results of the flow cytometry analysis are shown in Fig.
2. In each case, the log forward scatter (a qualitative measure
of the size and refractive index of a particle) is plotted versus
the log fluorescein fluorescence intensity (32). In Fig. 2A it is
seen that the N-ethyl-DOPE in hexagonal micelles strongly
binds the anti-N-ethyl-RSA IgG. It is seen that the fluorescent
intensity of the particles in Fig. 2A is much greater than in the
controls in which preimmune IgG was substituted for the
primary antibody (Fig. 2B) or in which the primary antibody
was omitted (Fig. 2C). In contrast, it is seen that there is not a
great change in the distribution of particle sizes as measured
by forward scatter, indicating that binding of the antibodies
did not cause aggregation or a change in lipid structure (32). In
Fig. 2D it is seen that there is a small amount of binding of the
primary anti-N-ethyl-RSA IgG to N-ethyl-DOPE incorporated
in lamellar liposome structures composed of DOPC and DOPE,
as compared with their respective controls in which preimmune
IgG substituted for the primary antibody (Fig. 2E) and in which
the primary antibody was omitted (Fig. 2F). However, the
amount of antibody bound to the liposomal structure is much
less than that bound to the hexagonal phase micelles seen in
Fig. 2A.
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Fig. 1. Mass spectrum of N-ethyl-DOPE
obtained by DCI-MS in the negative ion
mode, using ammonia as a reagent gas,
with a Hewlett Packard 5985A mass
spectrometer modified as described by

used as an extended probe tip, from
which the sample was vaporized by the
ambient 350° source block temperature
and then ionized in the ammonia gas
plasma. The base peak in the spectrum
is the molecular ion at m/z 770 (M — H*,
as expected for negative ion mass spec-
trometry). A second major and diagnostic
fragment is m/z 699 (M — C;H,NHC_H:s,
loss of the N-ethyl-ethylamine headgroup
from the phosphoilipid).
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Fig. 2. Flow

analysis of 100 ug of total lipid of hexagonal phase micelles (5% N-ethyl-DOPE and 95% DOPE) exposed to 5 ug of anti-N-

cytometry
ethyl-RSA IgG (A), 5 ug of preimmune IgG (B), or no primary IgG (C), or lamellar phase liposomes (5% N-ethyl-DOPE, 24% DOPC, and 71% DOPE)
exposed to 5 ug of anti-N-ethyl-RSA IgG (D), 5 ug of preimmune IgG (E), or no primary IgG (F). After binding of the primary antibody, 5 ug of
fluorescein-conjugated goat anti-rabbit IgG were added. In each case, log forward scatter (a qualitative measure of the size and refractive index of
a particie) is piotted versus log fluorescein fluorescence intensity. The scales on the top and right of each figure are the 250 channels into which
data are collected. The fluorescence in channels 40-250 was integrated for Table 1. The contour plot shows equal 10% intervals of probability; that
is, an equal number of cell data points will fall between adjacent contours. Therefore, the number of contours drawn in a given area is related to the

number of cells in that area.

TABLE 1
Integrated fluorescence intensities of micelles and lameilar

liposomes

The fluorescence intensities of only those particles that had a size measured by
obtuse scatter of greater than 40 of 250 channeis and a fluorescence greater than
40 of 250 channels were integrated. The samples were either hexagonal phase
micelles (5% N-ethyl-DOPE and 95% DOPE) or lamellar phase liposomes (5% N-
ethy-DOPE, 24% DOPC, and 71% DOPE) of 100 ug of total lipid that were exposed
wmsmdmwam.smmmm,amm@.
Al samples were then mixed with 5 xg of fluorescein-conjugated goat anti-rabbit
IgG. The values are means + standard errors (three experiments). In parentheses,
the integrated intensities of the micelles and the liposomes are expressed as a
ratio of their respective controis (no primary IgG).

Anti-N-ethy-RSA lgG Preimmune IgG
524+ 3.8(32.8 38+0.2(2.3"

No primary IgG
1.6+0.1(1)

5% N-Ethy-
DOPE
95% DOPE

5% N-Ethyl- 33+10(@1)° 12+0.1(08 16+03(1)
DOPE

24% DOPC
71% DOPE

*p < 0.001 for analysis by two-tailed unpaired t test versus sample with no
IgG.
®p < 0.05.

The integrated fluorescent intensities are shown in Table 1.
In this analysis, an additional selection factor, obtuse scatter,
was included to differentiate small clumps of antibodies from
the desired liposomes and micelles. The fluorescence intensity
of only those particles that had a size measured by obtuse
scatter of greater than 40 of 250 channels and a fluorescence
greater than 40 of 250 channels was integrated. In parentheses,
the integrated intensities of the micelles and the liposomes are
expressed as a ratio of their respective controls (no primary
IgG). The fluorescence intensity of the IgG bound to N-ethyl-
DOPE in the hexagonal phase micelles is 33 times greater than
the control without primary IgG and 16 times greater than that
bound to N-ethyl-DOPE in the lamellar phase liposomes.

In additional experiments, the effect of using 1, 5, or 10% N-
ethyl-DOPE in hexagonal phase micelles containing a balance
of DOPE was found to give a mean fluorescence intensity of
4.3+0.7,10.6 + 1.8, and 31.2 + 4.4 (mean * SE). Each of these
values is significantly different from the others by an unpaired
t test (p < 0.05). The increase in affinity of the primary
antibody as a function of increasing concentration of antigenic
phospholipid has been previously shown (17-19). In an exper-
iment to determine the effect of the concentration of the
micelles themselves, the standard micelles formed from 5% N-
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Forward Scatter
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12 5 10 100 1000
Texas Red Fluorescence
Fig. 3. Flow analysis of 100 ug of total lipid of hexagonal

phase micelles (5% N-ethyl-DOPE and 95% DOPE) containing 0.01%
Texas red-conjugated phosphal . The forward scatter is
plotted versus Texas red fluorescence. The experiment shows that the
size distribution (forward scatter) of the pure micelles corresponds well
to that of the micelles after binding of both the primary and secondary
antibodies (Fig. 2A).

ethyl-DOPE and 95% DOPE were first diluted 1:10 or 1:100 in
PBS before the usual amounts of anti-N-ethyl-RSA IgG and
then fluorescein-conjugated secondary antibody were added. It
was found that there was no significant difference between the
integrated fluorescent intensity of the stock suspension and the
two diluted suspensions.

Hexagonal phase micelles of DOPE were made fluorescent

o o @gﬁ;ﬁ'

“W* :‘:ﬁ' composed of 5% N-ethy-DOPE and 95%
T

,{.f”/’

by the addition of 0.01% Texas red-conjugated phosphatidyl-
ethanolamine and then were analyzed by flow cytometry, as
shown in Fig. 3, where the forward scatter is plotted against
Texas red fluorescence on a linear scale. This experiment had
several uses. The correct assignment of the forward scatter and
obtuse scatter gating that was used in the experiments with
fluorescein was determined. In addition, it was shown that
there were neither very small nor very large particles that were
not being properly labeled or quantified by the fluorescent
secondary antibody technique. This experiment also demon-
strated that the addition of either the primary or secondary
antibody did not change the size or refractile nature of the
particles of the micelles, as measured by forward and obtuse
scatter, and that the DOPE micelles exhibited only low auto-
fluorescence, which could be eliminated by setting channel 40
as a lower limit gate in the fluorescence channel.

Dot-blot experiments showed that anti-N-ethyl RSA IgG
bound with high affinity to N-ethyl-RSA but not to any of the
phospholipid mixtures spotted on nitrocellulose. The failure to
detect binding in this experiment may reflect the low anti-
genicity of N-ethyl-DOPE in lamellar liposomes.

Discussion

Fig. 2 and Table 1 clearly show that anti-N-ethyl-RSA IgG
cross-reacts with N-ethyl-DOPE with high affinity when the
lipid is incorporated in a hexagonal phase micelle but with low
affinity in a lamellar phase liposome. These host lipids were
chosen for examples of lamellar and hexagonal phases because
they are so well characterized (25) and because the addition of
only a small amount (21%) of DOPE has been shown to cause
the transition from hexagonal to lamellar phase, with a mini-
mum of other dissimilarities in phospholipid chain length and
head group environment (24). To further substantiate the effect
of the phase of the phospholipid, we obtained results identical

Fig. 4. Drawing of a bilayer composed of
5% N-ethyl-DOPE, 24% DOPC, and 71%
DOPE (A) and hexagonal phase micelles

DOPE (B). Circles, DOPC headgroups; tri-
angles, DOPE headgroups; N-ethyl-trian-
gles, N-ethyl-DOPE headgroups.
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to those in the lamellar phase DOPE/DOPC mixture with N-
ethyl-DOPE in 95% egg phosphatidylcholine lamellar phase
liposomes.

This strong preference for IgG binding to N-ethyl-DOPE in
the hexagonal phase is consistent with previous studies on the
preference of lupus antiphospholipid antibodies for hexagonal
phase lipid (22, 23).

The difference in surface structures surrounding the anti-
genic phospholipids is illustrated in a drawing of a bilayer
composed of 5% N-ethyl-DOPE, 24% DOPC, and 71% DOPE
(Fig. 4A) and hexagonal phase micelles composed of 5% N-
ethyl-DOPE and 95% DOPE (Fig. 4B). The lamellar structure
of the lipid bilayer is well established and haptenic groups on
phospholipids require a spacer length of several carbon atoms
in order to be recognized by antibodies (19, 20). This may be a
function of the tight packing of the phospholipids and the
resulting high surface pressure in this phase (33).

The structure of a hexagonal phase micelle, in particular the
outer monolayer that presumably encloses the hexagonal tubes
(23, 34), is very controversial and the subject of considerable
research (24, 25, 35-37). The property of phosphatidylethanol-
amines that causes them to be more stable as hexagonal tubes,
the low cross-section of the head group with respect to the fatty
acid chains makes it very difficult to form an outer monolayer
with high surface density of head groups. In Fig. 4B this outer
monolayer has been drawn as being partially interdigitated
with the fatty acid chains of the inner hexagonal tubes (24, 34,
36). The result of the curvature and interdigitation is that the
area per phospholipid headgroup is much greater than in a
bilayer, resulting in greater exposure and accessibility of the
N-ethyl-DOPE. It may be that this increased accessibility to
the haptenic group confers the greater antigenicity of phospho-
lipids in hexagonal phases.

It is interesting to note that recent studies demonstrate the
existence within biological membranes of lipidic particles, do-
mains with conformations and isotropic motions of phospho-
lipids that are much like hexagonal phases (24, 25, 34, 35).
These lipidic particles could provide domains on the hepatocyte
surface in which N-ethyl-phosphatidylethanolamines are ac-
cessible to circulating antibodies. Clearly, many additional ex-
periments will be required to test whether antibodies also bind
to the surface of hepatocytes and whether this binding has a
role in alcoholic cirrhosis.

Acknowledgments

We would like to acknowledge the technical assistance of Ms. Heather A.
Rock, Ms. Marisol Castro, and Mr. Gerardo Zambrano, as well as the editorial
assistance of Ms. Audrey Stevens. We would also like to thank Dr. David R.
Parks, Director of the Shared FACS Facility, for his expert assistance in the
execution and interpretation of the flow cytometry experiments and Dr. Kym
Faull for generously providing the mass spectrometer.

References

1. Lieber, C. S. Biochemical and molecular basis of alcohol-induced injury to
liver and other tissues. N. Engl. J. Med. 319:1639-1650 (1988).

2. Coon, M. J., D. R. Koop, L. E. Reeve, and B. L. Crump. Alcohol metabolism
and toxicity: role of cytochrome P-450. Fundam. Appl. Toxicol. 4:134-143
(1984).

3. Tuma, D. J., M. R. Newman, T. M. Donohue, Jr., and M. F. Sorrell. Covalent
binding of Idehyde to p participation of lysine residues. Alcohol-
ism 11,579-483 (1987).

4. Lin, R. C,, M. J. Fillenwarth, R. Minter, and L. Lumeng. Formation of the
37-kD pre taldehyde adduct in primary cultured rat hepatocytes ex-
posed to alcohol. Hepatology 11:401-407 (1990).

5. Israel, Y., E. Hurwitz, O. Niemela, and R. Arnon. Monoclonal and polyclonal
antibodies against acetaldehyde-containing epitopes in acetaldehyde-protein
adducts. Proc. Natl Acad. Sci. USA 83:7923-7927 (1986).

6. Behrens, U. J., M. Hoerner, J. M. Lasker, and C. S. Lieber. Formation of

Idehyde adducts with ethanol-inducible P450IIE1 in vivo. Biochem.
Biophys. Res. Commun. 154:584-590 (1988).

7. Fleisher, J. H,, C. C. Lung, G. C. Meinke, and J. L. Pinnas. Acetaldehyde-
albumin adduct formation: possible relevance to an immunologic mechanism
in alcoholism. Alcohol Alcohol. 23:133-141 (1988).

8. Lue, S. L., F. Paronetto, and C. S. Lieber. Cytotoxicity of mononuclear cells
and vulnerability of hepatocytes in alcoholic fatty liver of baboons. Liver
1:264-167 (1981).

9. Poralla, T., T. H. Hutteroth, and K.-H. Meyer zum Buschenfelde. Cellular
cytotoxicity against autologous hepatocytes in alcoholic liver disease. Liver
4:117-121 (1984).

10. Crossley, I. R., J. Neuberger, M. Davis, R. Williams, and A. L. W. F.
Eddleston. Ethanol metabolism in the generation of new antigenic determi-
nants on liver cells. Gut 27:186-189 (1986).

11. Heffel, D. F., A. K. Costa, T. M. Schieble, and J. R. Trudell. Neutrophil-
mediated cytotoxicity in conlfuent monolayers of rat hepatocytes. Biochem.
Arch. 5:229-235 (1989).

12. Tuma, D. J., M. E. Mailliard, C. A. Casey, G. D. Volentine, and M. F. Sorrell.
Ethanol-induced alterations of plasma membrane assembly in the liver.
Biochim. Biophys. Acta 856:571-577 (1986).

13. Kenney, W. C. Acetaldehyde adducts of phospholipids. Alcoholism 6:412-415
(1982).

14. Kenney, W. C. Formation of Schiff base adduct between acetaldehyde and
rat liver mi | phosphatidylethanolamine. Alcoholism 8:551-565
(1984).

15. Bosterling, B., and J. R. Trudell. Phospholipid transfer between vesicles:

d onp of cytochrome P-450 and phosphatidylcholine-phos-
phatidylethanolamine ratio. Biochim. Biophys. Acta 689:155-160 (1982).

16. Edmunds, H. N., J. R. Trudell, and E. N. Cohen. Low-level binding of
halothane metabolites to rat liver histones in vivo. Anesthesiology 54:298-
304 (1981).

17. Humphries, G. M. K. The use of liposomes for studying membrane antigens
as immunogens and as targets for immune attack, in Liposomes in Biological
Systems (G. Gregoriadis and A. C. Allison, eds.). John Wiley & Sons, Ltd.,
New York, 345-376 (1980).

18. Alving, C. R,, S. Shichijo, and 1. Mattsby-Baltzer. Preparation and use of
liposomes in immunological studies, in Liposome Technology (G. Gregoriadis,
ed.). CRC Press, Boca Raton, FL, 157-175 (1984).

19. Dancey, G. F., P. C. Isakson, and S. C. Kinsky. Immunogenicity of liposomal
model membranes sensitized with dinitrophenylated phosphatidylethanola-
mine derivatives containing different length spacers. J. Immunol 122:638-
642 (1979).

20. Petrossian, A., A. B. Kantor, and J. C. Owicki. Synthesis and characterization
of a highly fluorescent peptidyl-phosphatidylethanolamine. J. Lipid Res.
26:767-773 (1985).

21. Curtain, C. C. Membrane fluidity, domains, and the immune response, in
Lipid D and the Relationship to Membrane Function (R. C. Aloia, C.
C. Curtain, and L. M. Gordon, eds.). Alan R. Liss, Inc.,, New York, 63-81
(1988).

22. Janoff, A. S., and J. Rauch. The structural specificity of antiphospholipid
antibodies in autoimmune disease. Chem. Phys. Lipids 40:315-332 (1986).

23. Rauch, J., M. Tannenbaum, H. T baum, H. R: Ison, P. R. Cullis, C.
P. S. Tilcock, M. J. Hope, and A. S. Janoff. Human hybridoma lupus
anticoagulants distinguish between lamellar and hexagonal phase lipid sys-
tems. J. Biol. Chem. 261:9672-9677 (1986).

24. Tate, M. W., and S. M. Gruner. Lipid polymorphism of mixtures of dioleoyl-
phosphatidylethanolamine and saturated and monounsaturated phosphati-
dylcholines of various chain lengths. Biochemistry 26:231-236 (1987).

25. Cullis, P. R., M. J. Hope, and C. P. S. Tilcock. Lipid polymorphism and the
roles of lipids in membranes. Chem. Phys. Lipids 40:127-144 (1986).

26. Means, G. E, and R. E. Feeney. Reductive alkylation of amino groups in
proteins. Biochemistry 7:2192-2201 (1968).

27. Habeeb, A. F. S. A. Determination of free amino groups in proteins by
trinitrobenzenesulfonic acid. Anal. Biochem. 14:328-336 (1966).

28. McKinney, M. M., and A. Parkinson. A simple non-chromatographic proce-
dure to purify immunoglobulins from serum and acites fluid. J. Immunol.
Methods 96:271-278 (1987).

29. Jamieson G. C., C. C. Reuter, and W. L. Fitch. Polyimide-coated fused silica
as an extended probe for in-beam chemical ionization mass spectrometry.
Anal. Chem. 57:121-123 (1985).

30. Gut, J., G. C. Jamieson, and J. R. Trudell. Leukotriene biosynthesis: direct

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

31.

32.

Antibodies Binding to Acetaidehyde-Phosphatidylethanolamine 593

chemical ionization mass spectrometry of underivatized arachidonic acid
metabolites. Biomed. Environ. Mass Spectrom. 15:509-516 (1988).

Bartlett, G. R. Phosphorus assay in column chromatography. J. Biol. Chem.
234:466-468 (1959).

Parks, D. R, L. A. Herzenberg, and L. A. Herzenberg. Flow cytometry and
fluorescence-activated cell sorting, in Fundamental Immunology (W. E. Paul,
ed.), Ed. 2. Raven Press, New York, 781-802 (1989).

. Ipsen, J. H.,, O. G. Mouritsen, and M. Bloom. Relationships between lipid

membrane area, hydrophobic thickness, and acyl-chain orientational order.
Biophys. J. 57:405-412 (1990).

. Sprague, S. G., and L. A. Staehelin. Effects of reconstitution method on the

structural organization of isolated chloroplast b
Biophys. Acta 777:306-322 (1984).

lipids. Bioch

35.

36.

37.

Siegel, D. P., J. L. Burns, M. H. Chestnut, and Y. Talmon. Intermediates in
membrane fusion and bilayer/nonbilayer phase transitions imaged by time-
resolved cryo-transmission electron microscopy. Biophys. J. 86:161-169
(1989).

Gruner, S. M. Hydrocarbon chain conformation in the HII phase. Biophys.
J. 56:1045-1046 (1989).

Frederik, P. M., M. C. A. S. Stuart, and A. J. Verkleij. Intermediary structures
during membrane fusion as observed by cryo-electron microscopy. Biochim.
Biophys. Acta 979:275-278 (1989).

Send reprint requests to: James R. Trudell, Ph.D., Department of Anesthesia,
Stanford School of Medicine, Stanford, CA 94305-5123.

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/



