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ABSTRACT: H NMR spectroscopy was used to investigate the response of specifically choline-deuterated
1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC) to changes in surface electrostatic charge in
membranes consisting of mixtures of POPC plus various cationic amphiphiles plus polyadenylic acid
(polyA). Three different cationic amphiphiles were investigated: cetyltrimethylammonium bromide
(CTAB), dioleoyldimethylaminopropane (DODAP), ang@[8I-(N',N'-dimethylaminoethane)carbamoyl]-
cholesterol (DC-CHOL). Each of the cationic amphiphiles elicited a concentration-dependent decrease
(increase) in the quadrupolar splitting from POR&L (POPCB-d;), as expected for the accumulation

of cationic charges at the surface of a lipid bilayer. However, the strength of the response varied with the
cationic amphiphile in the order CTAB DODAP > DC-CHOL. When polyA was added to the cationic
amphiphile-containing lipid bilayers, tH&l NMR spectrum consisted of two overlapping Pake patterns,
indicating the presence of two lipid domains with different effective surface charges and only slow exchange
of lipids between the two domains. There was no evidence of any non-bilayer lipid arrangements. Analysis
of the quadrupolar splittings of the tw&H NMR spectral components demonstrated that the polyA-
containing domain was enriched with respect to cationic amphiphiles while the polyA-free domain was
depleted with respect to cationic amphiphiles. We conclude that polyA is able to laterally segregate
cationic amphiphiles into long-lived lipid domains of distinct composition.

Lipofection, the use of cationic liposomes in the transfer membrane surface, nor is it apparent how, or in what form,
of genes, has become a popular method of gene therapythe genetic material is transferred to the opposite face of the
(Felgner & Rhodes, 1991; Rergt al., 1995; Debs, 1995). membrane, or how the DNA is released and becomes
In this transfection technology the genetic material is available to the cell's genetic machinery. It is certain that
“packaged” together with a cationic amphiphile in order to this lack of knowledge inhibits the process of designing
enhance its transport across the plasma membrane into thémproved transfection agents and transfection strategies.

cell’s int(_ari_or (Fracljeyet arlw" 1981). The sufc%ess of tth The role played by electrostatic interactions in current
strategy is in part due to the compression of the DNAWhen 4o qtection techniques is pivotal. Electrostatic attraction

?eutrallzett::i) by ﬂt]e C?t'on'(l: an(;[()jrlllphnes, Wh'c? laltds 't]? dictates that DNA and cationic amphiphiles will complex
ransmembrane transier. In addilion, Successiul transler, i one another. Electrostatic attraction draws the DNA

requires an excess of.cationic over anio_nic charges within cationic amphiphile complex toward the membrane surface
the “package” since this encourages binding to the typically and decrees that binding will occur. Classically, to inves-

anionic s_urface ofa blomem_brane. Moreover, the pr_ese_zncetigate surface electrostatic charge in such situations one might
of a modicum of fusogenic bilayer-destabilizing amphiphile,

: . turn to electrophoretic mobility measurements of the zeta
such as phosphatidylethanolamine, further enhances the . . 7 -
transfection potential. potential of either the DNA cationic amphiphile complexes

Many of the important details regarding the mechanism ::]gvT;\i\r/e;’Jc%raﬁf;Ip?EZ?he§u§Z$§?g?n t&;?zctcggtp;xeeiss.
of transfection remain obscure. For instance, a number of - PP . .
different cationic amphiphiles have been developed and M€asuring a global property of an entire particle. Conse-

examined for their efficiencies as agents of transfection quently, interesting details of particle architecture and
(Leventis & Silvius, 1990; Gao & Huang, 1991; Bedtral molecular distribution are averaged odH NMR of choline-

1989: Felgneret al., 1987). It is by no means obvious, deuterated phosphatidylcholine is an alternative method for

however, why different cationic amphiphiles display different moni_toring membrane surface _electrost.atics .(Akutsu &
propensities as transfer agents, nor is it known whether, orS€€lig, 1981; Altenbach & Seelig, 1984; Seelig & Mac-

to what degree, the DNA remains complexed with the donald, 1987; Seeligt al., 1987), and has been used to
cationic amphiphiles after arriving at the lipid bilayer characterize the surface binding of charged ligands, to
examine the lateral phase separation of charged lipids, and
T This work was supported by a National Science and Engineering e_vgn t.o resolve differences between the two surfaces of a
Research Council (NSERC) of Canada Graduate Scholarship (P.lipid bilayer membrane [for a recent review see Macdonald
Mitrakos) and an NSERC Operating grant (P. M. Macdonald). (1996)]. The?H NMR technique possesses a particular
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In this article we describeeH NMR studies of the
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by thin-layer chromatography (TLC) and proton NMR. TLC

membrane surface electrostatic response to the presence aofielded a single spot witR = 0.70 when chromatographed

three different cationic amphiphiles, all of which have been

in chloroform:methanol (90/10, v/v). Proton NMR (200

used as transfection agents. These include the single-chairmMHz): 6 0.9 ppm, triplet, 6H, oleoyl methylsj 1.3 ppm,

cationic amphiphile CTAB (cetyltrimethylammonium bro-
mide), the double-chain cationic lipid DODAP (dioleoyldi-

broad singlet, 40H, oleoyl methylenés1.65 ppm, multiplet,
4H, oleoyl -methylenes;é 2.05 ppm, multiplet, 8H,

methylaminopropane) and the cholesterol-based cationicq-methylenes to double bondi2.28 ppm, singlet, 6H, amino

species DC-CHOL (@[N-(N',N'-dimethylaminoethane)car-
bamoyl] cholesterol). In addition, we report the effects of
adding polyadenylic acid (polyA) to lipid membranes

methyls; 6 2.35 ppm, triplet, 4H, oleoybi-methylenesd
2.47 ppm, triplet, 2H, C1-propyl protonsg; 4.1 and 4.35
ppm, doublet of doublets, 2H,geminal couplidig= 12 Hz)

consisting of a mixture of each such cationic amphiphile plus 5nd vicinal coupling with C2 proton](= 3.6 Hz and 6.1
phosphatidylcholine. PolyA is a single-stranded substitute Hz), C3-propyl protons (inequivalenttdnd H); 6 5.2 ppm,

for DNA in our model system. We demonstrate that polyA

laterally segregated within the plane of the lipid bilayer
membrane, and long-lived on tRd NMR time scale. The

multiplet, 1H, C2-propyl protony 5.35 ppm, triplet, 4H,
addition produces the appearance of a separate lipid domain P propyl b b PP P

oleoyl! olefinic protons.
Synthesis of DC-CHOL.38[N-(N',N'-dimethylamino-

2H NMR spectra indicate that this DNA-containing domain €thane)carbamoyl] cholesterol (DC-CHOL) was synthesized
retains an overall bilayer architecture and is composed of &nd characterized according to the method of Gao and Huang
an equivalent number of anionic DNA and cationic am- (1991) by couplingN,N-dimethylethylenediamine to cho-
phiphile charges plus trapped phosphatidylcholine. Theselesteryl chloroformate. The final product was recrystallized
findings suggest that DNA and cationic amphiphiles remain twice from absolute ethanol at20 °C and dried under
complexed with one another even after a transfection vacuum, yielding a compound which chromatographed as a
“package” binds to and fuses with a lipid bilayer membrane. single spoton TLC. Proton NMR (200 MHz}) 2.18 ppm,
singlet, 6H, amino methyls) 2.36 ppm, triplet, 2H, C1-
ethyl protons;o 3.21ppm, multiplet, 2H, C2-ethyl protons;

0 5.18 ppm, broad triplet, 1H, amido protof;5.35 ppm,
broad triplet, 1H, olefinic cholesterol proton.

MATERIALS AND METHODS

Materials. 1-Palmitoyl-2-oleoyl phosphatidic acid (POPA)
was purchased from Avanti Polar Lipids (Alabaster, AL).
Polyadenylic acid (polyA, MW 7 000 000) and oleoyl Preparation of MultiLamellar Vesicles (MLVs)Lipid
chloride were obtained from Sigma (St. Louis, MO). 4-(2- mixtures of the desired composition were prepared by
Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) and combining the appropriate volumes of chloroform stock
CTAB were purchased from BDH (Toronto, ON). 3-Di- solutions of either POP@-d, or POPCB-d, with those of
methylamino-1,2-propanediol, 2,3,4- triisopropylbenzene- either DODAP, CTAB, or DC-CHOL. Typically, the lipid
sulfonyl chloride (TPS), tetraphenylboron (TPB), cholesteryl mixtures contained 10 mg of either POREH, or POPC-
chloroformate andN,N-dimethylethylenediamine were pur-  g-d,. The solvent was removed under a stream of argon
chased from Aldrich (Milwaukee, WI). and the residue was dried overnight under vacuum. The

SyntheSiS of Choline-Deuterated PhosphatidlehO"ne. dried ||p|ds were then resuspended in approximate|y‘m|50
1-Palmitoyl-2-oleoylsrrglycero-3-phosphocholine (POPC)  of aqueous buffer (20 mM HEPES, pH 7.4). The lipids were
was selectively deuterated at either ther § positions of hydrated by gentle warming and vortexing, and were then

its choline head group using a strategy based on a combinafreeze-thawed five times to ensure homogeneous mixing.
tion of the methods of Harbisson and Griffin (1984) and Aloy

and Rabout (1913), and described in detail elsewhere
(Marassi & Macdonald, 1993). The structure of the choline
head group of POPC and the nomenclature of the deutero-
labeling positions are indicated below.

R—0—P—0—CH,—CH,—N'(CH,),
I 2 p
0

Preparation of MLVs Containing PolyA.Dried lipid
mixtures were prepared as described above but were hydrated
using an aqueous stock solution containing the desired
quantity of polyA in deuterium-depleted water plus sufficient
deuterium-depleted water to bring the final volume to 150
uL. The lipids plus polyA were again gently warmed and
vortexed and subjected to five freezthaw cycles to ensure
total mixing of polyA in the MLV dispersions.

2H NMR Spectroscopy?H NMR spectra were recorded
on a Chemagnetics CMX300 NMR spectrometer operating
at 45.98 MHz, using a Chemagnetics wideline probe. The
quadrupolar echo sequence (Daeisal., 1976) was em-
ployed using quadrature detection with complete phase
cycling of the pulse pairs and a 9pulse length of 2.Q«s,
an interpulse delay of 30s, a recycle delay of 100 ms, a

Synthesis of DODAP1,2-Dioleoyl-3-dimethylaminopro-
pane (DODAP) was synthesized and purified as described
by Leventis and Silvius (1990). Briefly, 3-dimethylamino-
1,2-propanediol was acylated with oleoyl chloride to produce
DODAP. The product was dissolved in 99:1 (v/v) hexane/
acetic acid, applied to a silicic acid column, and eluted with . .
20% diethyl ether in hexane, 100% chloroform, and, finally, spectral width of 100 kHz, and a 2K data size.

5% methanol in chloroform to remove DODAP in the form  Pake Pattern Spectral Line Shape Simulatiodd. NMR

of its acetic acid salt. The latter was converted to the Pake pattern line shapes were simulated using a computer
hydrochloride by adding an equimolar amount of HCI to a program, written in our laboratory, based on the tiling method
methanolic solution of DODAP. The methanol was removed introduced by Aldermaret al. (1986). The simulation
under a stream of argon gas and the product was dried undewariables include the quadrupolar splitting and the line width
vacuum overnight. The purity of the lipid was monitored parametefT,.
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<|:H3 di- or trimethylamino group attached to a large hydrophobic
CHy— N* moiety. In the case of CTAB, the hydrophobic group is a
(I:H single C16-alkyl chain. In the case of DODAP the hydro-

3

phobic group is 1,2-dioleoylpropane, rather reminiscent of
CTAB the 1,2-diacylglycerol moiety of naturally-occuring lipids.
In the case of DC-CHOL the hydrophobic group is a
't cholesterol ring. In terms of their hydrophile-lipophile
)K/\A/\/:\/\/\/\/ balance (HLB) the three cations rank in the order CTAB
DC-CHOL > DODAP. The HLB (Griffin, 1949) is an

H
|
cr— N\ _o NP e : '
: CD \I(\/M estimate of the polarity of complex amphiphiles and is

Hs ° obtained by adding together hydrophilic versus lipophilic
DODAP contributions from individual chemical groups as discussed
by Davies and Rideal (1963). Clearly, CTAB is the most
polar of the three amphiphiles.
Each of these three cationic amphiphiles produces a
H cationic surface electrostatic charge when mixed with POPC
CHo— L\/\ )‘L that is detected usingH NMR of specifically choline-
| N o deuterated POPC. The fundamental spectroscopic observa-
CHs; H

tion is shown if Figure 2. The left-hand columnf NMR
spectra were obtained with PORGd, and the right-hand
DC-CHOL column of?H NMR spectra were obtained with PORd,.
Ficure 1: Structure of the three cationic amphiphiles employed | the absence of cationic amphiphiles (top spectrafthe
here. From top to bottom, CTAB, DODAP, and DC-CHOL. NMR spectra consist of a Pake doublet line shape, charac-
teristic of liquid-crystalline lipids arranged in a bilayer
RESULTS AND DISCUSSION architecture. The quadrupolar splittirdy) corresponds to
°H NMR Response to Different Cationic Amphiphil@he the separation, in Hz, between the two maxima or “horns”

structures of the three cationic amphiphiles examined in this of the spectrum. The narrow resonance line appearing at
study are illustrated in Figure 1. Each contains a cationic the chemical shift position of deuterated water (0 Hz) arises

i
v

[T T T[T T T T[T T T T[T T T TT T TrIrT] |l1111l1r1]|||r‘|Tl—r1—|17||||||‘r—|
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Ficure 2: Effect of cationic surface charge on tld NMR spectrum of POP@-d, (left) and POPG3-d, (right) in the presence of
(proceeding from the top) 0% CTAB, 7.5 mol % CTAB, and 15 mol % CTAB.
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from the natural abundance deuterium present in the water 10
in the MLV preparation.

For the case of 100% POPC membranes the quadrupolar
splittings from POPQGx-d, and POPQ3-d;, are rather similar,
as expected for a neutral membrane surface. When increas-
ing amounts of CTAB are mixed with the POPC (7.5 mol
% in the middle and 15 mol % in the bottom spectra) the .
quadrupolar splitting from POP@-d, decreases, while that £
from POPCB-d, increases. This counterdirectional change .o .g -
in the quadrupolar splittings from the two deuterolabeling <
positions is characteristic of the “molecular voltmeter” 3
response of phosphatidylcholines to the presence of surface  -10
charge (Seeliget al., 1987). This behavior is believed to
originate with a concerted conformational change undergone
by the phosphocholine group in response to surface charge -9 7 A
interactions. The direction of the change observed here is
diagnostic of the accumulation of positive surface charges.
Since only a single quadrupolar splitting is observed in each
instance, one may conclude that CTAB is homogeneously
distributed amongst all the MLVs in the entire sample and
within the plane of a given bilayer membrane. Consequently, 18
all POPC molecules experience the same average surface
charge environment. Qualitatively similar effects are re-
corded in theH NMR spectra of POP@-d, and POPC- 14 1
p-d, mixed with either of the three different cationic
amphiphiles investigated here.

In order to relate a given quadrupolar splitting with a
particular surface charge density it is necessary to calibrate
the relationship between the two, as shown in part A of
Figure 3. Here, quadrupolar splittings for both PO&d,
and POP(3-d; are plotted as a function of the mole fraction
of added cationic amphiphile for each of CTAB, DODAP, 8 -
and DC-CHOL. In every case the relationship between the
quadrupolar splitting and the mole fraction of cationic
amphiphile is approximately linear. CTAB induces the 6
greatest response on a mole-to-mole basis (slope6f1
kHz/mol and+25.6 kHz/mol for POPGx-d, and POPG5-

d,, respectively). However, mole fractions of CTAB greater
than approximately 15% lead to disruption of the lipid bilayer
architecture through CTAB’s surfactant action. DC-CHOL Avg (kH2)

induces the least response on a mole-to-mole basis (slope&GURE 3: (A) Calibration curves relating ti#él NMR quadrupolar
of —12.8 and+4.0 kHz/mol for POPGx-d, and POP(3- splittings from POPGzx-d, (open symbols) and POP& 4, (closed

. symbols) to the mole fraction of added cationic amphiphile: CTAB
d;, respectively). Moreover, levels of DC-CHOL greater than (circles), DODAP (squares), DC-CHOL (triangles). The quadrupolar

about 50 mol % produce broad, ill-definéd NMR spectral splittings are plotted as the difference between the value measured
line shapes, suggesting an inhomogeneous distribution offor a given mixture and the value measured for 100% POPC. (B)

DC-CHOL within the plane of the lipid bilayer. DODAP, o—p Correlation plots of the quadrupolar splittings from POPC-
on the other hand, induces an intermediate response (slopeg"OIZ and POPQB-d,. The quadrupolar splittings from the two

euteron labelling positions, obtained under identical conditions
of —21.2 and+11.5 kHz/mol for POPGx-d, and POPC- ¢ c4tionic amphiphile concentration are plotted with respect to one

-0, respectively). In addition, th#d NMR spectra indicate  another for CTAB (circles), DODAP (squares), and DC-CHOL
that DODAP remains homogeneously mixed with POPC, and (triangles). The best linear fit to a given data set is shown as a

retains an overall bilayer architecture, over a wide range of solid line.
molar ratios.

Further evidence of the differences between2ie&IMR et aI..,. 1994). .Note.that such calibration plots prqv?de an
response to these three cationic amphiphiles is obtained whergmpirical relationship between the quadrupolar splitting and
one correlates the quadrupolar splittings from PQRG; the mole fraction of charged species which is independent
versus POP@-d, for a given level of added charge, as of the precise details of the conformational change giving
shown in part B of Figure 3. The linearity of such-3 rise to the altered quadrupolar splittings. It is generally found
correlations suggest that the phosphocholine group undergoehat cationic species yield an—4 correlation with a slope
a concerted conformation change in response to the presencequal to—0.50 (Scherer & Seelig, 1989; Beschiaschvili &
of surface charges. This conformational change probably Seelig, 1990). DODAP, for instance, exhibits a slope of
involves a tilting of the P-N dipole relative to the membrane —0.53. However, CTAB produces a slope-60.88, while
surface (Macdonalét al, 1991), as well as changes in the DC-CHOL displays a slope equal t60.32. There appears
internal torsion angles within the choline group (Konstant to be a correspondence between the slope in suaigh

o

+

-20 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Mole Fraction of Cationic Amphiphile

12 4

Avg (kHz)
o
|

4|l||IlII
10 8 6 -4 -2 0 2 4 6 8
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FiIGURE 4: °H NMR spectra of POP@-d, in mixtures with (from top to bottom) CTAB, DODAP, and DC-CHOL, respectively. The left
column represents control spectra obtained in the absence of polyA. The middle column shows the results of adding polyA. The right
column represents simulatéd NMR spectra for the corresponding spectra in the middle. The membrane compositions, amounts of added
polyA, and simulation results are listed in Tables 1 and 2.

plot and the location of a given charged species relative to The results of thexn—/f correlations drawn in Figure 3b
the plane of the phosphocholine group of POPC (Beschi- suggest that differences exist in the actual location of the
aschvili & Seelig, 1990; Rydall & Macdonald, 1992). For charged group between the three cationic amphiphiles.
instance, hydrophobic ions, which are known to penetrate However, the three cations differ in several other respects.
well into the bilayer proper, induce a stronger response per One major difference is that only CTAB will be fully charged
unit bound charge than do aqueous ions, which bind moreat physiological pH. DODAP and DC-CHOL, having
superficially (Beschiaschvili & Seelig, 1990; Rydall & dimethylamino groups withlg,’s in the region of 8.5, will
Macdonald, 1992). only be 90% charged at physiological pH. We note that the
The sensitivity of the “molecular voltmeter” response “H NMR method provides one means of determining the
actually depends on a number of factors in addition to the membrane-boundKy, of such ionizable functional groups
location of the charged group relative to the plane occupied (Lau & Macdonald, 1995). Another difference between the
by the phosphocholine group of POPC. One factor is three is the cross-sectional area they occupy when interca-
whether the charge is cationic or anionic. Another is the lated into the lipid bilayers. For CTAB this quantity will
statistical probability that POPC and the charged species will be about half that expected for DODAP or DC-CHOL.
encounter one another. Since all three amphiphiles underConsequently, a given molar ratio of CTAB produces a
consideration are cationic, they each display calibration higher surface charge density than that produced by DODAP
constants greater than comparable anionic species (Beschior DC-CHOL. Finally, cholesterol and its derivatives are
aschvili & Seelig, 1990). Likewise, all three are sufficiently notoriously prone to demixing (Vist & Davis, 1990; Mc-
hydrophobic that one expects them to penetrate deeply intoMullen & McElhaney, 1995). This suggests the possibility
the membrane proper. However, the location of their chargedthat, even at lower molar ratios, POPC might not have the
groups relative to that of phosphocholine will depend on the same statistical encounter probability with DC-CHOL as it
length of any spacer between the predominantly hydrophobic does with cationic species which mix ideally, such as CTAB
portion of the molecule and the charge carrier. Broadly, any and DODAP. Without further experimentation it would be
charged group which fails to penetrate into the polar region injudicious to attempt to decide between these various
of the membrane is not sensed by the “molecular voltmeter” possibilities. We note, however, that charge location can
(Beschiaschvili & Seelig, 1990; Rydall & Macdonald, 1992). profoundly influence the efficacy of transfection agents. For
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Ficure 5: 2H NMR spectra of POP@-d, in mixtures with (from top to bottom) CTAB, DODAP, and DC-CHOL, respectively. The left

column represents control spectra obtained in the absence of polyA. The middle column shows the results of adding polyA. The right

column represents simulatéd NMR spectra for the corresponding spectra in the middle. The membrane compositions, amounts of added
polyA, and simulation results are listed in Tables 1 and 2.

Table 1: ExperimentadH NMR Data for POPC+ Cationic Amphiphile Lipid Bilayerst+ PolyA

membrane composition calibration constantkHz/mol) polyA/cation charge ratio free domatf (kHz) bound domaim® (kHz)
90/10 POPGy-d,/CTAB —35.0 0.50 3.20 1.00
90/10 POP@3-d,/CTAB 25.6 1.00 6.60 8.60
90/10 POPGa-d,/DODAP -31.0 0.50 3.70 1.60
80/20 POP@3-d,/DODAP 12.5 0.75 6.80 9.00
80/20 POPGy-d,/DC-CHOL -85 0.50 5.00 4.10
70/30 POP@3-d,/DC-CHOL 20.0 0.75 6.00 6.30

example, Farhoockt al, (1992) investigated a series of shows a series clH NMR spectra for POP@-d, mixed
cationic cholesterol derivatives similar to DC-CHOL. Of with CTAB (top row), DODAP (middle row), or DC-CHOL
the two tertiary amino derivatives, that containing a succinyl (bottom row). Figure 5 shows the corresponding series of
spacer arm between the substituted ethylenediamine anddH NMR spectra for POP@-d,. Details regarding the
cholesterol was the more effective transfection agent. composition of the lipid mixtures and the amounts of added
PolyA Induces Domain Formation in Mixed Cationic POIyA are given in the figure captions and in Tables 1 and
Amphiphile+ POPC Membranes CTAB, DODAP, and 2. In both Figures 4 and 5 the left column of spectra
DC-CHOL are of interest here because of their role as agentsfepresent controls obtained in the absence of added polyA.
of transfection of genetic material. Since their interactions The quadrupolar splittings are altered relative to 100% POPC
with DNA or RNA will be primarily electrostatic in nature,  lipid bilayers in the manner expected for the presence of
although hydrophobic contributions to the overall interaction cationic surface charges, as discussed above. The middle
energy cannot be dismissed out of hand, it is of interest to column of spectra shows the effect of adding polyA to such
examine théH NMR response of mixed cationic amphiphile cationic lipid bilayers. The most obvious change is the
+ POPC lipid bilayer membranes to the addition of DNA. appearance of a second spectral component, although this is
The effects of added polyA on th#H NMR spectra of least apparent for the case of DC-CHOL. We note that when
choline-deuterated POPC mixed with different cationic polyA is added to 100% POPE-d; or POPCS-d, MLVs
amphiphiles are illustrated in Figures 4 and 5. Figure 4 it has no discernible effect on the quadrupolar splittings.
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Table 2: SimulatedH NMR Data for POPCH+ Cationic Amphiphile+ PolyA

fraction POPC mole fraction cationic amphiphile
“free” “bound” “free” “bound” . .
X! NG X! XD _ catlon{ar_non
z z _ [ predicted charge ratio in polyA
membrane composition X} X} X4+ x5 X% +x?0 Av® (kH2) “bound” domain
90/10 POPGa-d,/CTAB 0.75 0.25 0.09 0.13 2.00 0.90
90/10 POP@3-0,/CTAB 0.28 0.72 0.04 0.12 8.60 0.87
90/10 POPGa-d,/DODAP 0.75 0.25 0.09 0.14 2.20 0.86
80/20 POP@3-d,/DODAP 0.43 0.57 0.10 0.26 8.80 0.99
80/20 POPGa-d,/DC-CHOL 0.69 0.31 0.16 0.27 4.10 0.83
70/30 POP@3-d,/DC-CHOL 0.55 0.45 0.25 0.35 6.20 0.71
Consequently, there is minimal DNAipid bilayer interac- cationic domain as reported B NMR, we have dubbed
tion in the absence of an electrostatic attraction. the “anti voltmeter” response and is substantiated by our
The right column of spectra are simulations of tHeNMR mathematical model. In fact, similar effects are observed

spectra in the middle column. The simulations each consistwith a variety of large anionic polyelectrolytes added to
of a superposition of two spectral components, each of which cationic amphiphile-containing lipid bilayers (Mitrakos and
has a quadrupolar splitting and line width factor correspond- Macdonald, unpublished results). Moreover, one may per-
ing to that observed experimentally. Hence, the only variable form the electrostatic mirror image experiment, adding
is the intensity contributed by a particular component to the cationic polyelectrolytes to anionic amphiphile-containing
overall spectrum. Clearly, this strategy successfully repro- lipid bilayers, and obtain a similar “anti voltmeter” response
duces the experimentdH NMR spectra obtained in the (Crowell and Macdonald, unpublished results). Therefore,
presence of polyA. One concludes that polyA addition this would appear to be a property common to polyelectro-
produces two distinct POPC populations which are in slow lytes of sufficient size interacting with oppositely-charged
exchange with one another on the time scale delimited by lipid bilayer surfaces under conditions of low salt concentra-
the difference in their quadrupolar splittings. As will be tion.
described below, analysis of thiH NMR quadrupolar Quantifying Phase Separation and Phase Composition
splittings and spectral intensities provides complete informa- from?H NMR Spectra.The total populations of zwitterionic
tion regarding the degree of phase separation and the(X}) or cationic k') lipids present globally in the entire
composition of each of these separate lipid domains. lipid bilayer preparation are conveniently defined in terms
The spectra in Figures 4 and 5 were obtained with one of mole fractions such that
particular amount of anionic charge from added polyA,
yielding the overall anion/cation ratio listed in Table 1. In th + Xﬂr =1 (1)
separate experiments it was found that increasing the polyA
concentration increased the intensity of the spectral compo-Each of these populations may be subdivided into those
nent with the smaller quadrupolar splitting for PORG, which are polyA-bound (superscript b) and those which are
and the spectral component with the larger quadrupolar PolyA-free (superscript f), according to eq 2.
splitting for POPCB-d,. This observation identifies which

i Xy=X0+X] )
spectral component corresponds to polyA-associated POPC z z z
versus polyA-free POPC. Hence, the spectral simulations . b ;
may be used to obtain the fraction of the total POPC X, =X1+X,

contained within either domain, assuming no differences in

T1 or T2 relaxation behavior. Our preliminafjl and T2 The values of X J/X}) and X }/X}) are obtained from the
measurements (data not shown) indicate that no significantintensities of the two components in thd NMR spectral
differences in relaxation times exist between the two spectral Simulations as described above. The details are listed in
components. Table 2. From the quadrupolar splitting of the polyA-free

Focusing on the p0|yA_free POPC component, one ob- domain @Vf) and the calibration constants measured in
serves that its quadrupolar splitting always reports a surfaceFigure 3 one may calculate the cationic amphiphile composi-
charge density less cationic (i.e., more neutral) than the initial tion of the polyA-free domain according to eq 3,
control values, regardless of whether one examiHgsMR £
spectra from POP@-d, or POPCS-d,. One concludes that XAAv" — Avy) U
the polyA-free lipid domain is depleted with respect to the f =Xy 3)

L AP (m — Av + Avp)
cationic amphiphile.

For the polyA-associated POPC component, one observesvhereAw, is the quadrupolar splitting for 100% POPC and
that its quadrupolar splitting always reports a surface chargem is the calibration constant for either tleor 5 deutero-
more cationic than the initial control values, again regardless labeling position for a particular cationic amphiphile. The
of whether one examinésl NMR spectra from POP@-d, results of applying this analysis are listed in Table 2. They
or POPCB-d,. This result is contrary to our previous demonstrate that the polyA-free domain is depleted with
experience with ternary mixtures of catiorie anionic + respect to cationic amphiphiles relative to the initial global
zwitterionic charged species (Marassi & Macdonald, 1992) composition. Further, one may now calculate the mole
wherein the quadrupolar splittings report the expected fraction of cationic amphiphile in the polyA-bound phase
neutralization of net surface charge. The present contrarian(xi I X%). The results of such calculations are likewise
finding, that polyA addition produces an apparently more listed in Table 2. They reveal that the ratio of cationic
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(amphiphile) to anionic (polyA) charge within the polyA-
bound domain is always close to 1:1, indicating a neutral
complex if it is assumed that every single polyA phosphate
group is able to interact with a cationic amphiphile.

In a ternary mixture of cationi¢- anionic+ zwitterionic
species, the observed quadrupolar splitting () is per-
turbed relative to the value measured for 100% PORGg)(
by an amount which is the sum of the perturbations due to
the cationic and anionic species individually in binary
mixtures (Marassi & Macdonald, 1992), according to
eq 4.

(Avy — Avg) = (Av_ — Avg) + (Av, — Avg) (4)

=m X, + m_X_

The quadrupolar splitting in such a ternary mixture may be
estimated, therefore, if one has available the relevant
calibration constants, andm- from calibration experiments 2
in binary mixtures. No such calibration data is available
for polyA because polyA apparently interacts only very
weakly with 100% POPC lipid bilayers. To analyze the
quadrupolar splittings from the polyA-bound domains in
terms of compositions one must resort, therefore, to certain

assumptions. FiGure 6: Schematic representation of polyA (black circles)
What if one assumes that POPC has no direct contact withforming a domain of distinct composition in mixed POPC (closed
polyA and only detects its presence indirectly through circles) plus cationic amphiphile (open circles) lipid bilayers.
polyA’s effects on the local distribution of cationic am-
phiphiles? If this physical situation really exists then the
effective mole fraction of anionic charg¥() in eq 4 drops

The region of the lipid bilayer occupied by polyA defines
a distinct domain through a combination of two effects. First,
y ; ) electrostatic attraction between anionic nucleotide units and
to zero. Simultaneously, the effective mole fraction of cationic amphiphiles tends to draw the two together such
cationic chbargez(+) in the polyA-bound domain equals the  y5¢ the lipid composition in the vicinity of the polyA will
quantity X /(X § + X3) ] which can be evaluated using an  pe, on average, more cationic than that of the bulk. If these
expression analogous to eq 3. Thus one can predict theglectrostatic forces are sufficiently strong, then the cationic
quadrup_olar splitting for the case that POPC_does not qeteCtamphiphiles screen the charge of polyA from the POPC.
polyA directly. The results of such calculations are listed gecond, the effective lateral diffusion coefficient of individual
in Table 2 for each circumstance in Table 1. It is evident |iyigs within the domain will decrease due to the well-known
that the experimental and predicted valuesfof agree  grchipelago effect (Saxton, 1993). This inhibits the ability
closely with one another. This indicates that the pretense eyen of zwitterionic lipids trapped within the polyA-defined
of a polyelectrolyte somehow ma;ked from direct d.ete_ct|0n domain to exchange with, and average over, the bulk lipid
by POPC, and whose presence is detected only indirectly popylation. The dimensions of such as random-coil polymer
through its influence on the local lipid composition and rate permits the inclusion of considerable amounts of zwitterionic
of exchange with bulk lipid, is capable of explaining fite lipid, the details of which should depend on a number of
NMR observations. In the following section we propose a factors including the polymer molecular weight, the stiffness
model of the polyA-lipid bilayer interaction which explains  of the polymer backbone, the polyelectrolyte’s linear charge

the physical origin of the polyA “masking” effect. density, the ionic strength, and the global cationic/zwitteri-
A Model for Polyelectrolytes at a Mixed Cationie¢ onic amphiphile in the lipid bilayer.
Zwitterionic Lipid Bilayer Surface.The ?H NMR results Such a model explains all oiH NMR observations

reported above permit us to propose a model for the including the appearance of distinct POPC populations, the
arrangement of polyA at the surface of a lipid bilayer depletion of cationic amphiphile from the polyA-free domain,
containing a mixture of cationi¢- zwitterionic amphiphiles, the enrichment of cationic amphiphile in the polyA-bound
as shown schematically in Figure 6. PolyA is drawn to the domain, and the “anti voltmeter” response observed in the
membrane surface through electrostatic attraction. Uponlatter. In particular, if the cationic amphiphiles remain
binding, the adenosine bases penetrate into the acyl chairclosely associated with the anionic polyelectrolyte, then
region of the lipid bilayer, as indicated by infrared (Mal'tseva POPC has little statistical probability of direct interaction
et al, 1983) and NMR (Budker, 1990) evidence. This leaves with polyA. Instead, POPC encounters an environment
the sugar-phosphate backbone located within the polarenriched with the cationic amphiphile, thereby leading to the
interface region. The intercalated polyA is pictured to “anti voltmeter” response described above.

assume a two-dimensional self-avoiding random-coil con-  There is, however, an alternate explanation that one might
figuration wherein individual nucleotide units occupy sites conceive in order to explain thiéd NMR “anti voltmeter”

on a lattice, the spacing of which is determined primarily results. This second possibility is that the plane of binding
by the cross-sectional areas of the bilayer lipids. of polyA leaves the anionic phosphates located above the
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plane of the phosphocholine groups. This could decreasewith polyelectrolytes. Such measurements are currently in
the sensitivity of the “molecular voltmeter” to the presence progress.

of polyA, possibly to the extent that the calibration constant

(m_) in a polyA calibration plot becomes so small that the REFERENCES
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