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ABSTRACT. There is evidence that some products of the reaction of ozone with cholesterol contribute to
atherosclerosis. One of these compoundgyroxy-5-0x0-5,6-secocholestan-6-al. We have synthesized
this compound and have demonstrated that it reacts with phosphatidylethanolamine to form a Schiff base.
The 3-hydroxy-5-0x0-5,6-secocholestan-6-al also affects the physical properties of phosphatidyletha-
nolamines. We show by both DSC and X-ray diffraction that it increases the negative curvature of the
membrane. In addition,Bhydroxy-5-0x0-5,6-secocholestan-6-al causes the lamellar phase to become
disorganized, resulting in the loss of lamellar periodicity. The chemical and physical interactigfis of 3
hydroxy-5-ox0-5,6-secocholestan-6-al with phosphatidylethanolamines may contribute to damaging effects
of this lipid on cell membranes, resulting in pathology.

It has been known for several years that oxidation of lipids ~ Cholesterol and its initial oxidation products are insoluble
in low-density lipoprotein is involved in atherosclerosis. ( in water and are all found in biological membranes in
There are likely to be a variety of reactive oxygen species different proportions. The cholesterol oxidation products
and several oxidation products of their reaction with lipids containing aldehydes or ketones will react with amino groups.
and proteins. There has been recent particular interest in theln addition to reaction with amino groups of proteins, these
possible role of ozone in atherogene&s Ozone is among  oxidized forms will also react with amino lipids that form a
the most reactive of the “reactive oxygen species”. In addition major fraction of the lipid components of biological mem-
to its presence as an environmental pollutant, it is also branes. In the present work we study the reactivity of one
generated in the antibody-catalyzed water oxidation pathway of the products of ozonolysis of cholestergh-Bydroxy-5-
as part of the immune reactio)( It has been shown that oxo-5,6-secocholestan-6-al (designated in the following as
the product of the reaction of ozone with cholesterol is 4at Figure 1), with phosphatidylethanolamine, as well as
present in atherosclerotic plaqued).( Products of the  the consequences of formation of this product on the physical
oxidation of cholesterol by ozone have also been found in properties of the membrane.
lung tissue, possibly from exposure of lung surfactant to the
atmosphere5—7). In addition, such cholesterol oxidation EXPERIMENTAL PROCEDURES
products have been found in the brains of autopsy specimens Materials. Phospholipids were purchased from Avanti
from Alzheimer’s patientsg, 9). The ozonolyzed cholesterol  Polar Lipids (Alabaster, AL). Cholesterol was from NuChek
accelerates amyloidogenesis in these patients. Prep (Elysian, MN). The cholesterol ozonolysis prodyt 3

Several of the reaction products of the oxidation of hydroxy-5-oxo-5,6-secocholestan-6-al (4a; Figure 1) was
cholesterol with ozone contain ketone and aldehyde groups.synthesized in the Chemical Research Infrastructure Unit of
These functional groups are known to react with compounds the Weizmann Institute of Science following the procedure
containing amino groups to form a Schiff bad@)( It has of Wentworth et al. 4). The identity of the compound was
been shown that products of the reaction of ozone and verified by mass spectrometry (MS) afd NMR analysis.
cholesterol form Schiff bases with the amino groups of Cholesterol and 4a were stored in the dry state in the dark
proteins found in atherosclerotic plaqué} &s well as with at —20 °C. After a year and a half, we detected, by high-
the Abeta protein in Alzheimer’s disease, causing this protein resolution MS, traces of oxidized 4a. The conversion of
to misfold and aggregates,(9). aldehyde to acid was quantified byd NMR to affect
approximately 2.5% of the product.
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ethanol and centrifuged for 5 min at 4000 rpm in a benchtop
centrifuge. The solvent was evaporated until dry, and the
phosphate assay of Amed1j was used to determine
inorganic phosphate. The experiment was repeated using 1
mM ammonium acetate as a volatile buffer at neutral pH,
instead of Hepes, with similar results.

Differential Scanning Calorimetry (DSClror DSC mea-
surements the lipid/sterol mixtures were dispersed in 20 mM
PIPES, 1 mM EDTA, and 150 mM NaCl with 0.002% NaN
pH 7.40, by intermittent vortexing over a period of 2 min
under argon. Measurements were made using a Nano
differential scanning calorimeter (Calorimetry Sciences

Cholesterol 5,6-Secosterol

Ficure 1. Conversion of cholesterol to 4a, a 5,6-secosterol.

IH NMR Spectroscopyror these measurements dry 4a
was dissolved in CDGI The spectra were acquired using
an Avance 500 spectrometer (Bruker, Rheinstetten, Ger-

many). ) N . Corp., American Fork, UT). The scan rate was G:Z&min.
Preparation of Lipid Films Containing Sterol and Phos- 1o featyres of the design of this instrument have been
pholipid. Phospholipid/sterol mixtures were prepared by described 12). DSC curves were analyzed by using the
mixing appropriate volumes of the lipid soluti_ons in chlo- fitting program, DA-2, provided by Microcal Inc. (Northamp-
roform/methanol (2:1). The solvents were driven off by &, ‘\A) and plotted with Origin, version 5.0. With duplicate
stream of nitrogen, and the samples were kep8fb under samples the enthalpiesHy are precise ta-10% andAHy
high vacuum. to £15%. Transition temperatures are precise-t05°C.
Visible Spectroscopyater (0.5 mL) was added to dry  The dependence of the transition temperatures on the
POPE, dry 4a, or a dry mixture of POPE and 4a at a molar presence of 4a was determined from a series of DSC scans
ratio of 1:1 (prepared as above). Although salt solutions are qf five to eight samples. The regression coefficient for the
generally used in X-ray and DSC measurements, it is |inear dependence of these temperatures on the mole fraction
preferable to avoid the presence of salt for these spectroscopigyf 43 is given in the figure legends.
measurements. The samples were incubated aC5@ith X-ray Diffraction.For X-ray diffraction experiments 0.15
frequent vortexing for 0.5 h. The sam.p_les.were then froz_en, M NaCl solution in 0.01 M TrisHCI buffer (pH 7.4) was
and the water was removed by lyophilization. The resulting aqded to dry phospholipids or to phospholipid/sterol mixtures
dry powders were dissolved in 1.5 mL of ethanol. Unlike g gbtain a final concentration of about 10 mg/mL. The
aqueous suspensions, the lipids were soluble in ethanol,gispersions were incubated for 0.5 h at®®Dwith frequent
allowing spectroscopic measurement. The absorption Spectrgortexing. After incubation the dispersions were centrifuged
of the three samples were measured in the wavelength rangen an Eppendorf centrifuge for 15 min. The pellet was loaded
of 300-700 nm (Ultraspec 2100 pro UV/visible spectro- jnto 1.5 mm quartz X-ray capillaries. In the case of the pure
photometer; Amersham Biosciences). sterols or sterol mixtures, the dry powders were dispersed
Mass Spectrometry and Tandem Mass Spectrometry.in 0.15 M NaCl in buffer and the dispersions inserted into
Following the spectral measurements, mass spectrometrthe X-ray capillaries. Low-angle X-ray diffraction experi-
analysis of the mixture was performed on a Waters Micro- ments were performed as described by Bach et %8). (
mass Q-TOF mass spectrometer (Waters-Micromass, Mil- Detector resolutiondg/pixel) was 0.003 AL, whereq =
ford, MA) operating in ESI, W optic mode with Lockspray. 4z sin /4, 20 is the scattering angle, antlis 1.54 A.
The experimental conditions were as follows: desolvation Cylinder diameters in the hexagonal phase of DEPE/sterol
temperature, 350C; source temperature, 10C; nitrogen mixtures and POPE/sterol mixtures were calculated as mean
flow, 600 L/h; capillary voltage, 2.8 kV; sampling cone, 30 values based on the positions of three to five Bragg
V; extraction cone, 5.1 V; collision energy, 3 V; scan time, diffraction peaks (10, 11, 20, 21, and 30) of the two-
1s; scan delay, 0.1 s; mass range,-10R00. For the MSMS  dimensional hexagonal lattice.
measurements, collision energy was set at 30 V. All other
experimental parameters were kept unchanged. RESULTS

Preparative Thin-Layer Chromatography (TLCA lipid Visible SpectroscopyAqueous suspensions of mixtures
film containing 50 mol % each of POPE (2.2nol) and 4a  of POPE or DEPE with 4a at high sterol content are observed
(2.2 umol) was hydrated by vortexing with 1 mL of 1 MM to be yellow-green in color following lyophilization, whereas
Hepes buffer, pH 7, and incubated for 30 min at°&d A the individual components are white. The intensity of the
tube containing the same amount of POPE alone was treatedolor deepens when the pellets are heated during X-ray
in the same way. The suspensions were frozen in liquid diffraction experiments. Under the same conditions, no color
nitrogen and lyophilized overnight. The ethanolic solutions is developed in mixtures of 4a with DOPC, which lacks a
of POPE and the mixtures were applied in their entirety, as primary amine group. In Figure 2 are presented the absorp-
streaks, to a silica GF TLC plate (1000 mesh). A spot of 4a tion spectra of POPE, 4a, and POPE/4a (molar ratio 1:1).
alone in chloroform/methanol (2:1) was also applied. Neither 4a nor POPE displays absorption maxima in the

The plate was run in a chromatographic glass chamber,wavelength range 368700 nm; however, in the spectrum
equilibrated overnight with a running solvent of chloroform/ of the mixture a single peak is observed~a440 nm. An
methanol/water (65:25:4), and the spots were developed withabsorption maximum at this wavelength has been associated
iodine. The location of the spots was marked, and the iodine with the formation of a Schiff basé.4). A Schiff base adduct
on the spots was allowed to fade before scraping them off would be formed by reaction between either the aldehyde
the plate. Appropriate control and blank spots were also group and/or the ketone group of 4a and the amine of the
scraped. The silica powder was extracted with 1 mL of POPE headgroup (Figure 3).
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1.0 ! ! ! has been suggested, (9). However, to the best of our
knowledge this is the first time that the formation of a Schiff
0.8 L base between 4a and a phospholipid is reported. We consider

that such an adduct may be relevant to biological membranes
where PE is found at high concentration.

Quantitation of Schiff Base by Preparadi TLC.The entire
POPE applied to the plate was recovered (by phosphorus
determination). The mixture of POPE and 4a produced two
spots. One was located at the same position as POPE alone,
and the second ran ahead of POPE. This latter spot contained
19—-20 nmol of phosphate, approximately 1% of the amount

0.01 : : . of POPE in the mixture. We associate the spot running ahead
300 400 500 600 700 of POPE, for the POPE/4a mixture, with the Schiff base.
Mnm) Repeating this experiment using 1 mM ammonium acetate
FiGURE 2: Absorption spectra of (a) POPE (2.7 mg)/4a (1.7 mg) buffer gave about the same amount of product of 4a and
(1:1 molar ratio), (b) 4a (1.9 mg) only, and (c) POPE (2.7 mg) POPE as observed with Hepes buffer, indicating that neither
only. the solid residues from the Hepes buffer, deposited after
lyophilization, nor the possibility of some reaction with the
more nucleophilic ammonia in the ammonium acetate buffer

of the reaction product, high-resolution mass spectrometry affected the analysis. The latter finding suggests that the
analysis was performed on the POPE/4a mixture in ethanol. . .
reaction takes place between components in the membrane

Measurements were made in both the positive and negative . : .
. ! and does not occur as rapidly with substances in the aqueous
ion modes. In the negative mode we obserrézvalues of phase
417.3357 [M— H]~, a deviation of 1.0 mDa (2.5 ppm) from ' ]
the composition gH.sOs~ predicted for 4a; 716.5206 [M DSC. We determined the effect of 4a on the phase
— H]~, a deviation of 2.0 mDa (2.7 ppm) from the transition properties of phosp'hatlldylethanolammes. _The
composition GsH-sNOgP~ predicted for POPE; and 1116.8552 family of DSC curves of DEPE with increasing mole fraction
[M — H]~. There was also a peak at 433.3297 that we of 4a shows that the g to L(_1 _transmon temperaturer(;)
attribute to the very small fraction of oxidized 4a that was and the L, to H, phase transition temperaturg.j decrease
also observed withH NMR (see Experimental Procedures (Figure 4). The dependence ®f, Tu, AHy, and AHy is
section), with a predicted composition,/84:0s~. Peaks sho_vvn as a function of the_ mole frac'uo_n of 4a (Figure 5). A
corresponding to 4a and POPE were also observed in theSimilar study was done with POPE (Figures 6 and 7).
positive ion mode. The peak at 1116.8552 agrees to within Low-Angle X-ray Diffraction.We first measured the
—1.8 ppm 2.0 mDa) with an elemental composition of properties of simple mixtures of 4a and cholesterol, in the
CoeH11dNO1gP, i.e., a complex of POPE and 4a minus the absence of phospholipid. The low-angle X-ray diffraction
mass of a water molecule. This is consistent with the pattern of 4a alone showed no evidence of crystalline
formation of a Schiff base. diffraction nor did a sample of 0.89 mole fraction of 4a mixed
To further verify the identification of the Schiff base, with cholesterol (Figure 8, bottom curve). When the amount
tandem mass spectrometry (MSMS) analysis was per-of 4a is decreased to 0.45 mole fraction (Figure 8, middle
formed: the peak at 1116.8552 was selected for fragmenta-curve), two diffraction peaks are observed, consistent with
tion. The following peaks were observed: 716.51HH] ", phase separation. The weaker of the two peaks is at 37 A
which coincides with the elemental compositiogH&sNOgP - while the stronger is at 34 A. Pure cholesterol has a
predicted for POPE; 281.24 [M H]~, which coincides with diffraction peak at 34 A, indexed as either the 010 of the
the elemental compositiomgH330,~ predicted for the oleic ~ anhydrous form 15) or 001 of the monohydratel§). The
acid moiety of the phospholipid; and 255.23 [M H], lower angle peak is most likely due to a 4a-rich mixture with
which coincides with the elemental compositiopstds; O, cholesterol. At a mol fraction of 0.11 of 4a (top trace of
predicted for the palmitic acid moiety of the phospholipid. Figure 8), a single peak is observed at spacing of 35 A,
The possibility of the formation of a Schiff base between indicating a homogeneous mixture at the resolution of the
the aldehyde of 4a and amino groups of peptides or proteinsexperiment.

0.6

0.4

absorbance

0.2+

High-Resolution Mass Spectromefiy verify the identity

PE 5,6-Secosterol

Schiff Base

Ficure 3: Reaction of 4a with a phosphatidylethanolamine to form a Schiff base. Only one of the two possible reaction products is shown
for illustration. The other product would also be a Schiff base formed by a similar reaction between the ketone group of 4a and the amino
group of phosphatidylethanolamine.
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FicurRe 5. Dependence dfy, Ty, AHu, andAHy of DEPE on the (R2 = 0.988) and for the change in the hexagonal phase transition
mole fraction of 4a. The linear regression for the change in the temperature is-72 + 11 (R2 = 0.959).). The average value of
main transition temperature with mole fraction4#29 + 1 (R = AHp was found to be 295@ 260 cal/mol and foAHy was found
0.999) and for the change in the hexagonal phase transitionto be 335+ 40 cal/mol.
temperature is-38 + 2 (R = 0.982). The average value aHy . . )
was found to be 540& 520 cal/mol. The lamellar stacking of DEPE is disrupted above a mole

fraction of 4a of~0.4 in both the gel and liquid crystalline
We also studied mixtures of phosphatidylethanolamine phases. Nevertheless, the hexagonal phase does form at

with 4a or with cholesterol, using X-ray diffraction. DEPE higher temperatures, at least up to a mole fraction of 4a of
dispersed in water exhibits two thermotropic phase transi- 0.6. Increasing amounts of 4a reduces the diameter of the
tions: a gel to liquid crystal transition near 3Z and liquid hexagonal phase cylinders fror72 A in the absence of 4a

crystal to hexagonal phase transition at about65(17). to ~62 A at 71°C with a mole fraction of 0.6 of 4a (Figure
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Ficure 11: X-ray diffraction profiles of (A) POPE/4a mixtures

the negative curvature. [The measurements of the DEPE/
cholesterol mixtures were taken from previous publications

and were made at 7% (18), at which temperatura =71 %\ (o0 o5t (a) 13C, (b) 42°C, and (c) 7E°C. The Miller

A for DEPE alone, and at 6%C (19), wherea = 75 Al indices of the hexagonal phase are noted. (B) POPE alone at (a)
Mixtures of POPE with 4a behave very similarly to DEPE/  13°C, (b) 39°C, and (c) 71°C. The first-order diffraction peak in

4a mixtures, although the two lipids differ in structure. POPE the gel and liquid crystal phases is noted as are the Miller indices
has one Saturated Cha|n and one Cha|n Wlth a Smgmuble of the hexagonal phasq.= 477 sin 9/},, where @ is the Scattering
bond, rendering the molecule less rigid, with a lowerta ~ an9le andi = 1.54 A,

L phase transition temperature. DEPE hastozes double
bond in each of the two chains that produces a more rigid
structure, similar to that of saturated phospholipids. X-ray
diffraction measurements show that when cholesterol is
mixed with POPE, the interlamellar spacind) {n the gel
state (13°C) is decreased from 63 to 55 A up to a mole
fraction of cholesterol of 0.62 (Figure 10). In the liquid

transform into the hexagonal phase (Figure 11). The diameter
of the POPE hexagonal phase cylinder at@1s determined
from the X-ray diffraction pattern to be71 A. Increasing
amounts of sterol are effective in reducing this diameter, i.e.,
increasing the negative curvature (Figure 12). However,
whereas 0.6 mole fraction of cholesterol reduces the diameter
crystalline state T = 38 °C), the interlamellar spacing is by 5 A, this value reaches 10 A for comparable amounts of

relatively insensitive to the sterol conteut,= 54—55 A. 4a.

Similar behavior is observed when 4a instead of cholesterol

is mixed with POPE (Figure 10), except in this case the DISCUSSION

diffraction peak, due to interlamellar stacking, is observed The demonstration that phosphatidylethanolamine reacts
only until a mole fraction 4a of 0.4. Above this value the with 4a has important implications for athererosclerosis, since
presence of 4a obviously disrupts the stacking in both the 4a has been found in atherosclerotic plaqu®s 4a is a

gel and liquid crystalline phases (Figure 11). The hexagonal product of reaction with ozone, a reactive oxygen species
phase of POPE forms above 7C. Even the disordered that is produced in inflammatory processe that are
POPE/4a mixtures, i.e., mole fraction of 4a greater than 0.4, associated with atheroscleros®0{23). It has been con-
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length of cholesterol, addition of the sterol results in more
hydrocarbon packing voids in the hexagonal phase resulting
in lowered stability and increased bilayer to hexagonal phase
transition enthalpy. One would expect less effect of length
mismatch with POPE, where thatl acyl chain is two
carbons shorter and tls&2 acyl chain has ais, rather than
trans double bond. This may be the reason why 4a causes
little change in theAHy, of POPE, although cholesterol still
increases theé\Hy of this lipid (31).

Addition of 4a to bilayers in the lamellar phase results in
the disordering of the membrane. Thus, the regular lamellar
spacing of POPE disappears in the presence of 4a (Figure
11). The observation that a high mole fraction of 4a can be
hexagonal phase of POPE in mixtures with cholestedldr 4a a?'ded to DEPE or POPE W'thc"%t_ greatly broadening the
(m). bilayer to hexagonal phase transition observed by DSC or

reducing the sharpness of the diffraction peaks of the
sidered that 4a can react with proteins to form a Schiff base hexagonal phase for either of these two phosphatidyletha-
(8, 9). However, it is also likely that other reaction products nolamines suggests that 4a can incorporate into the highly
of ozone and cholesterol that contain aldehyde and/or ketonecurved hexagonal phase structure without greatly perturbing
groups also react with the amino groups of phosphatidyle- it, in contrast to its disordering of the lamellar phase.
thanolamine, a major lipid component of the cytoplasmic  Thus, the products of ozonolysis of cholesterol would be
leaflet of the plasma membrane as well as intracellular expected to alter membrane properties by reacting with
membranes. It has been shown that other aldehydes anghosphatidylethanolamine as well as by altering the stability
ketones form Schiff bases with phosphatidylethanolamine, and curvature properties of the membrane bilayer. These
such as retinal24) as well as acetaldehyde derived from factors may contribute to the atherosclerogenic effects of this

2
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,
o n
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-12
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Ficure 12: Change in the cylindrical diametend) in the

0.1 07

ethanol metabolism26). In addition, there are a number of
examples of aldehyde and ketone oxidation products of lipids

lipid oxidation product.

that form Schiff bases with phosphatidylethanolamine. These ACKNOWLEDGMENT

include keto aldehydes and isoketal products of free radical-
induced peroxidation of arachidonic aci@6f; products of
plasmalogen oxidation2{); 4-hydroxynonenal, a major
product of lipid peroxidation ofi — 6 polyunsaturated fatty
acids @8); and Schiff base adducts of phosphatidylethano-
lamine that form in oxidized low-density lipoprotein (LDL)
and promote platelet prothrombinase actividg)(

The other major amino-containing phospholipid of bio-
logical membranes is phosphatidylserine. However, the
reactivity of the amino group of phosphatidylserine is lower
than that of phosphatidylethanolamine. It has been shown
that phosphatidylserine reacts poorly with aldehydes and
ketones 28), less than phosphatidylethanolami3@)( This
is in accord with our qualitative observation that there was
less reactivity as indicated by less color change when
phosphatidylserine was mixed with 4a, compared with
phosphatidylethanolamine.

In addition to reacting with phosphatidylethanolamine, 4a
also modifies the intrinsic curvature of bilayers containing
this lipid. This is indicated both by the lowering df;, as
measured by DSC (Figures 5 and 7), and by the observed
reduction in the diameter of Hphase cylinders measured
by X-ray diffraction (Figures 9 and 12). The effect is modest,
requiring a relatively high mole fraction of 4a, but the
promotion of negative curvature by this oxidized form of
cholesterol is greater than that of cholesterol itself. The
magnitude of the effect of 4a on membrane curvature is
similar for DEPE and for POPE as assessed by both shifts
in Ty and changes in hexagonal phase cylinder diameter.
Curiously,AHy increases when 4a is added to DEPE (Figure
5), even though thaHy for POPE/4a mixtures is indepen-
dent of the amount of 4a (Figure 7). The effect of 4a on the
AHy of DEPE is similar to the effect of cholester@1j.

We have suggested that, as a consequence of the shorter

We are grateful to Prof. Israel Miller, Department of
Biological Chemistry, Weizmann Institute of Science, for
many helpful discussions and to Dr. Yoav Barak, Department
of Biological Chemistry, Weizmann Institute of Science, for
measurement of the visible spectra.
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