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Abstract: Nearest-neighbor recognition measurements have established that the effects of deuterium
substitution on phospholipid mixing are exceedingly small. Thus, the mixing behavior of an exchangeable
phospholipid bearing two stearoyl chains with a homologue containing two myristoyl chains in gel-fluid
bilayers, fluid bilayers, cholesterol-rich fluid bilayers, and gel-fluid bilayers that have been enriched with
cholesterol correspond to a difference in the free energy of mixing that is less than 2.2 cal/mol of hydrogen
in all cases. These findings provide the strongest evidence to date in support of the use of deuterated
phospholipids as “nonperturbing” probes for structural and dynamic studies of bilayer membranes.

Introduction neighbor recognition (NNR) methdd-our different membrane
states that were chosen for this study included: (i) gel-fluid
bilayers, (ii) fluid bilayers, (iii) cholesterol-rich fluid bilayers,
and (iv) gel-fluid bilayers that were rich in cholesterol. Gel-
fluid bilayers were of interest because nearest-neighbor recogni-
tion is known to be especially strong in this cddtere, nearest-
d1eighbor recognition is driven by the formation of gel-phase
domains that are rich in the higher-melting phospholfpld.
contrast, fluid-phase analogues have been shown to form a two-
dimensional structure in which the phospholipids are ideally
mixed; that is, their time-averaged lateral distribution is random.
Cholesterol-rich fluid bilayers were of interest to us because of
their biological relevance and also because of cholesterol’'s

Deuterated phospholipids have been widely used to probe
the structure and the dynamic properties of bilayer membrafes.
The main assumption in all such studies has been that the
replacement of hydrogen by deuterium is nonperturbing, that
is, the mixing behavior of the deuterated phospholipid is the
same as its nondeuterated analogue. Early studies of the mixin
behavior of deuteratedd{,) and nondeuterated forms of 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) have provided
some support for this hypothes$ighus, an analysis of mixtures
of these two lipids by differential scanning calorimetry led to
the conclusion that these lipids “mix very nearly ideall§’In
contrast, recent studies of the mixing behavior of DPPC with ™" It -
1,2-dioleoylsnglycero-3-phosphoglycerol (DOPG), at the-air ability to fluidize the gel phase and condense the fluid pAa&e.

water interface, have indicated that significant differences exist I POth situations, the membrane is converted to the physi-
when DPPC is replaced by DPRig,” ologically relevant, fluid phas& 2 As we have shown previ-

ously, the ability of cholesterol to induce homophospholipid
association results from its selective association with two or
more higher melting phospholipids in such mixtutés!

In brief summary, the general features of the NNR technique
can be described as follows. Two lipids of interest are converted
into exchangeable dimers and allowed to undergo monomer
interchange via continuous thiolate-disulfide displacement reac-
tions. The resulting equilibrium dimer distributions are then
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Here, we provide the first quantification of the effects of
deuterium substitution on lipid mixing in bilayer membranes.
Specifically, we have quantified the mixing of an exchangeable
phospholipid bearing two myristoyl chains (monomer&)ofith
a longer homologue that contains two fully protiated stearoyl
chains (monomers oR) and also with a fully deuterated
analogue oR (2-di40), by use of the highly sensitive nearest-
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A andB monomers may be treated as an equilibrium mixture Chart 1

of homodimers AA andBB) and heterodimerAB) according

to egs 1 and 2, wheté¢ is the equilibrium constant. ik andB HNj\AS
are randomly distributed, then the observed dimer distribution HY SJF t P j
is statistical. In other words, if an equimolar amount®oéind H 2 L 00O @o 0
B were present, the mole ratio 6/A/AB/BB would be 1/2/1, o2 O 7o /O

and the equilibrium constant would be equal to 4. If a o

thermodynamic preference for heteroassociations existed, this )

would be reflected by a value &f that is greater than 4. In 0
contrast, favored homoassociations would be indicated by a© o)
value ofK that is less than 4. As previously discussed, although

the NNR method involves the use of exchangeable dimers, it

provides thermodynamic information that relates to nearest-

neighbor interactions betweéndizidual lipid monomers®

Experimental Section

All phosphoethanolamines, which were used as precursors
for the requisite dimers, were obtained from commercial sources
(Avanti Polar Lipids) and used without further purification. The
syntheses o1—3 have previously been reportéd. 1 2 3

Nearest-Neighbor Recognition Measurementdn a typical
liposome preparation, a test tube was charged with a chloroform
solution that contained 0/3mol of 1, 0.3umol of 2, and 0.48
umol of cholesterol (29% cholesterol). The chloroform was then AA + BBL‘ 2 AB (1)
evaporated by passing a stream of argon over the solution. The
lipid mixture was then dissolved in 1Q@. of chloroform and
diluted with 270uL of diisopropy! ether. Subsequent addition K= [AB]2/([AA][BB]) (2)
of 35uL of 3.3 mM tris-HCI buffer (3.3 mM tris-HCI, 50 mM
NaCl, 0.67 mM Nal, and 0.33 mM EDTA, pH 7.4) produced  exchange reactions that were carried out at 3G.5eached an
an emulsion. After the emulsion was sonicated for 3 min, using equilibrium point after ca. 12 h; at 8G, equilibrium was
a mild (bath-type) sonicator, the organic phase was removedreached after ca. 3 h.
by gentle evaporation at 6, resulting in a white gel at the Analysis of Dimer Distributions by High-Performance
bottom of the test tube. The gel was then collapsed by vigorous Liquid Chromatography. Mixtures of lipid dimers were
vortex mixing for 15-45 min, and 2.0 mL of additional 10 MM analyzed by HPLC using a Beckman Ultrasphere C18 reverse-
tris-HCI buffer (10 mM tris-HCI, 150 mM NaCl, 2 mM Nai\ phase column (4.6c 250 mm, 5um particle size). The flow
and 1 mM EDTA, pH 7.4) was added dropwise with vortex rate was 0.9 mL/min, and the column temperature was main-
mixing. The dispersion was then degassed with an aspirator fortained at 31.0C. Peaks were monitored at 205 nm by use of
5 min, and the residual traces of organic solvent were removeda Waters 996 photodiode array detector. Data were collected
by dialysis (Spectra/Por Membrane, MWCO 66@D00) under  and processed using a Millennium workstation (Waters Corp.,
an argon atmosphere, using two 200 mL portions of degassedMilford, MA). The mobile phases that were used in these
10 mM tris-HCI buffer (pH 7.4) over the course of 18 h. Large analyses were composed of 10 mM tetrabutylammonium acetate
unilamellar vesicles formed under these conditions were typi- (TBA) in denatured ethanol/water/hexane in volume ratios of
cally 1000 nm in diameter (dynamic light scattering). 81/12/7, 77/13/10, and 83/11/6 (VIVIv).

Thiolate-disulfide interchange reactions were initiated, after Results and Discussion
the dispersions had equilibrated at the desired temperature, by
increasing the pH to 8.5 (addition of ca. 20 of 1.0 M NaOH) The syntheses dfand2, and the corresponding heterodimer
and injecting 54:L of a tris-buffer solution of 15.1 mMhreo (3), have previously been reported (Chart®1peuterated
dithiothreitol (0.82umol) and 24uL of a tris-buffer solution of analogues o? and3 (i.e., 2-di40 and3-dyq) were prepared using
0.42 uM monensin (10.2 pmol) with brief vortex mixing. All  similar procedures, starting from commercially available 1,2-
dispersions were maintained under an argon atmosphere throughelistearoylsn-glycero-3-phosphoethanolamides; As noted ear-
out the course of the interchange reactions. Aliquots (0.30 mL) lier, the gel- to liquid-crystalline-phase transition temperatures
were withdrawn as a function of time and quenched with 80 for 1, 2 and3 are 22.7, 55.4, and 33°€, respectively;, 2-d40
uL of 30 mM HCI (final pH 5.0). After removal of water under  shows a melting temperature of 49@.
reduced pressure, the residue was triturated with 2 mL of Using experimental procedures similar to those previously
chloroform and centrifuged. The chloroform layer was then described, NNR experiments were carried out with the above
removed under reduced pressure to yield a clear film, which four bilayer states using fully protiated and fully deuterated
was, subsequently, dissolved in 4Q of chloroform and 90 exchangeable monomers 2fTo ensure that product mixtures
uL of the mobile phase that was used for HPLC analysis. Under were thermodynamically controlled, liposomes were prepared
the conditions used, the extent of reduction of the lipid dimers using equimolar mixtures ol and 2, as well as from3.
to thiol monomers by dithiothreitol was less than 10%. All Convergence of both data sets was excellent in all cases.
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Table 1. Influence of Deuterium Substitution on K2

starting phospholipid(s) cholesterol® (mol %) temp (°C) KP

1+2o0r3 0 30.5 0.52+ 0.07
1+ 2-dyag0r 3-d7o 0 30.5 0.62£ 0.13
1+2o0r3 0 60.0 3.92+ 0.16
1+ 2-d1400r 3-d70 0 60.0 4.00+ 0.16
1+2o0r3 29 30.5 1.30t 0.14
1+ 2-dyap0r 3-d7o 29 30.5 1.32£ 0.10
1+2o0r3 29 60.0 2.02-0.14
1+ 2-d14o or 3-d70 29 60.0 2.02-0.17

a Mol % of cholesterol is based on total lipid that is present, where each
phospholipid “counts” as two lipid molecul€sEquilibrium constants were

calculated from eq 2.

Apparent equilibrium constantk, that are reported in Table 1

are based on both sets of experiments.
As shown in Table 1, the effects of deuterium substitution in has on the mixing behavior of two exchangeable phospholipids
each of these systems fall within the limits of experimental error. in gel-fluid bilayers, in fluid bilayers, in cholesterol-rich fluid
On the basis of the high-sensitivity of this method, we can assign bilayers, and in gel-fluid bilayers that are enriched in cholesterol
upper limitsto the perturbing influence that deuterium substitu- is exceedingly small, corresponding to a difference in the free

tion has on such mixing. Thus, for gel-fluid bilayers at 3@5
the minimumvalue ofK is 0.52-0.07 = 0.45, corresponding
to a AG® of mixing of 482 cal for 2 mol of dimer. For the
deuterated analogue, tmeaximumvalue ofK is 0.62+ 0.13
= 0.75, corresponding taG° = 173 cal for 2 mol of dimer,
the difference being 482 173 = 309 cal for 2 mol of dimer.
Since there is 1 molar equiv of dime& involved in this
equilibrium, this corresponds to 308#2155 cal/mol of ex-

70 hydrogen atoms in each monomer 2fwith deuterium
perturbs its mixing with monomers df by less than 2.2 cal/
mol of hydrogen atoms. By a similar analysis, and on the basis
of the error limits in cholesterol-rich fluid bilayers at 6C,

the effect of deuterium substitution on lipid mixing is less than
0.7 cal/mol of hydrogen atoms. For gel-fluid bilayers that were
enriched in cholesterol at 30, the effect is less than 0.9
cal/mol of hydrogen atoms. Finally, in the case of fluid bilayers
that are devoid of cholesterol (8D), the effect is less than 1.0
cal/mol of hydrogen atoms.

Conclusions

Nearest-neighbor recognition measurements have demon-
strated that the perturbing influence that deuterium substitution

energy of mixing that is less than 2.2 cal/mol of hydrogen in
all cases. These findings provide the strongest evidence to date
in support of the use of deuterated phospholipids as “nonper-
turbing” probes for structural and dynamic studies of bilayer
membranes.
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