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Tracking Phospholipid Populations in Polymorphism by Sideband
Analyses of 3'P Magic Angle Spinning NMR
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ABSTRACT A method was developed to track the distributional preferences of phospholipids in polymorphism based on
sideband analyses of the ®'P magic angle spinning nuclear magnetic resonance spectra. The method was applied to lipid
mixtures containing phosphatidylcholine (PtdCho), phosphatidylethanolamine (PtdEtn) and either cholesterol (Chol) or tetra-
decane, as well as mixtures containing the anionic phosphatidylmethanol, phosphatidylethanolamine, and diolein. The
phospholipid composition of coexisting lamellar (L) and inverted hexagonal (H,) phases remained constant throughout the
L, — H, transition in all mixtures, except those that contained saturated PtdCho and unsaturated PtdEtn in the presence of
cholesterol—mixtures that are known to be microimmiscible because of favored associations between Chol and saturated
acyl chains. In the latter mixture, saturated PtdCho was enriched in the planar bilayer structure, and unsaturated PtdEtn was
enriched in the highly curved H,, structure. This enrichment was coincident with an increase in the transition width. When
compositional heterogeneity among coexisting phases was observed, it appeared that preexisting lateral microheterogene-
ities led to compositionally distinct transitional clusters, such that the distributional preferences that resulted were not those
of the individual phospholipids.

INTRODUCTION

Packing mismatches in membranes create a curvature stretssoughout the phase coexistence region of an equilibrium.
that has been implicated as a determinant of membran€he inquiries that have addressed this issue have yielded
structure, protein function, and fusion (de Kruijff et al., mixed results (Boni and Hui, 1983; de Kruijff et al., 1979;
1985; de Kruijff, 1997; Epand, 1996, 1997; Hui and Sen,Eriksson et al., 1985; Fenske and Cullis, 1992; Lee et al.,
1989; Israelachvili et al., 1980). One approach to the quani996; Rand et al., 1990; Tate and Gruner, 1987; Tilcock et
titation of the curvature stress imparted by individual mem-al., 1982).

brane constituents upon the planar bilayer structure is to In this article, we have demonstrated® magic angle
correlate the effects of dilute levels of that constituent uporspinning nuclear magnetic resonance (MAS NMR) ap-
the equilibrium midpoint temperaturd,() of a matrix that  proach to monitoring the phospholipid populations of coex-
undergoes a transition between a planar bilayer structurgting phases throughout the, k= H,, (and isotropic phase,
(L,) and a highly curved inverted hexagonal,jtstructure ) transition. Phospholipids in these phases have distinctive
(Hornby and Cullis, 1981; Epand, 1985; Lee et al., 1993chemical shielding anisotropies (CSAs) due to the different
1996; Janes, 1996). Constituents that relieve the curvaturges of rapid motion characteristic of each phase. Individual
stress present in the bilayer act to stabilize the bilayer anghospholipids were resolved based on their characteristic
raise Ty;. The converse holds for agents that increase thesotropic chemical shifts. THEP spinning sideband profiles
curvature stress. The constituent’s curvature energy in thgsflected the phospholipid populations in each phase.
bilayer matrix is the product of the change Tp, and the This NMR method was applied to several lipid mixtures.
transition entropy (Lee et al., 1996; Janes, 1996). Implicit tnjtia|ly, a dioleoyl phosphatidylcholine (QJ@tdCho), dio-

the approach is that changes’in stem from changes in |goy| phosphatidylethanolamine (QRdEtn), cholesterol
curvature stress and not from changes in the entropy Gfchol) mixture was examined. Previously, this mixture was
mixing due to compositional heterogeneity during thet  renorted to exhibit no qualitative differences in the phos-
H“ transition. Yet it may seem counterintuitive that a mem-phonpid composition of coexisting phases based on wide-
brane constituent that exhibits a pronounced preference fqf,. 24 NMR (Tilcock et al., 1982) and*P NMR of aligned
adopting a particular phase in isolation and promotes th%ystems (Fenske and Cullis, 1992). Second, systems that
formation of a particular phase in a mixture would none-;;|.ded saturated PtdCho, QIRidEtn, and Chol were ex-
theless exhibit little distributional preference for that phaseamined. Chol is known to favor interactions with saturated
over unsaturated acyl chains, and to induce a fluid phase
microimmiscibility that we reasoned might be expressed
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distributional preferences based on indirect evidence wasbtained at selected temperatures for all phase combinations in each
examined (Rand et al., 1990). Fourth, a system Containingample and were equal for all phospholipids. Samples were equilibrated for
an anionic phospholipid (phosphatidylmethanol, Pthe),ZlS min at each temperature. Except where noted, spectra represent

L . . equilibrium conditions as established by duplicate scans in the region of
PtdEtn, and low levels of diolein was examined. This Sys'phase coexistence. All experiments were heating scans. The temperature

tem provided a means of examining the effects of surfacevas regulated to-1°C. Chemical shifts were referenced to the isotropic
charge on phospholipid distribution and was relevant to ouPtdCho resonance, using phosphocreatine as an internal stane2ai (
interest in the phosphatidylalkanols (Lee et al., 1993, 1996°PM)-

Janes, 1996). In particular, we asked whether the distribu-_ ¢ Sideband profiles ofthe L H,, and | phases were considered to be
cgﬁracterlstlc of those structures, and changes in the sideband profiles were

fuonal prefergnces 9f membrane constltue.n'tS are expressgltriped to changes in their relative proportions (see Results). The sideband
in polymorphic equilibria, whether compositional heteroge-profiles of the L, and H, phases exhibited a weak dependence on temper-
neities occur during polymorphic equilibria, and if so, what ature and composition. Changes in the sideband profile due to these factors

factors may be responsible for their occurrence. were more than an order of magnitude smaller than the changes in the
sideband profile characteristic of the structural interchange.

MAS spectra were simulated with the program ANTIOPE (de Bouregas

and Waugh, 1992). The computed transients of 201 orientations were
MATERIALS AND METHODS summed. An exponential filter corresponding to the experimental linewidth
was applied before the apodized transients were Fourier transformed.
Spectral deconvolutions were performed with Grams/386 spectral analysis
Lipids (Avanti Polar Lipids, Alabaster, AL) were assayed for purity Software (Galactic Industries, Salem, NH).
(>99%) by thin-layer chromatography. Lipid concentrations were obtained
gravimetrically. Cholesterol was obtained from Sigma (St. Louis, MO) and

"RESULTS

recrystallized three times from methanol. Tetradecane (Fisher Scientific,

Pittsburgh, PA) was used without further purification. All other chemicals MAS NMR determination of the phospholipid

were obtained from Sigma. lati . I hi
Lipids (~60 mg) in CHC} were dried to a thin film under a stream of populations in polymorphism

dry N, and evacuated overnight(L0 mTorr). Liposomes were formed by Rapid sample rotation has been used Widely to increase the
vigorous vortexing after the addition of 1.5 ml of buffer solution (150 mM | uti d . I he b d
KCI, 10 mM Tris, 0.2 mM EGTA, pH 7.2). Two micromoles of phospho- spectral resolution and motionally narrow the broad reso-

creatine was included as a chemical shift reference. The suspension wiNnce characteristic of solids and semisolids (e.g., Woy-
vortexed for 5 min, allowed to stand for 30—60 min, and vortexed for anciesjes et al., 1985; Timken et al., 1986). The analytical
additional 5 min. The lipids were pelleted by low-speed centrifugation, andgpproach to tracking phospholipid populations in polymor-
the pellet was transferred to MAS sample rotorslg0 ul). phism relies on two factors illustrated in Fig. 1: 1) The
The following samples were examined. Those containing PtdCho, . . .
Ole,PtdEtn, and Chol had the following compositions in mole percentphases have ConS|d?rably different CSAs that Va_ry little
(mol%) ([100 N/ N;] or mole fraction times 100): 1) OjetdCho (25),  throughout the transition, so that the observed sideband
Ole,PtdEtn (30), and Chol (45); 2) MyPtdCho (21), OlgPtdEtn (34), and  intensities are a linear combination of sideband intensities

nCAhOIP(?jSC)r;] 3)(2'6;"9?";52‘; (2(15;'0)0'5:’ ctjd(E;t: I(?g))v ;”((’)J gzcc’:'h(‘%?l)“) characteristic of each phase. 2) The isotropic chemical shifts
yr,PtdCho (20), tdEtn (80), and Chol (0); tdCho (21), e o

Myr,PtdEtn (21), OlgPtdEtn (13), and Chol (45). Samples containing of |§the pthSIIiDhighpI?rS ﬁl’e glisr::lnc;tl' id bil r vield harac-
Ole,PtdCho, OlgPtdEtn, and tetradecane (0.0, 1.15, 1.3, 3.1, 10 wt%) were ospholipids arrange atu ayer yield a charac

prepared with a PtdCho/PtdEtn molar ratio of 1:3. Tetradecane (td) was nd€fistic wideline *'P NMR powder pattern (Seelig and
added to the lipids in chloroform because of its volatility during evacua- Seelig, 1980), as shown in Fig Alfor a mixture of PtdEtn,
tion. Its low aqueous solubility made addition to the aqueous dispersiorptdCho, and cholesterol (30:25:45 m0|%) at 22°C. Phos-
impractical. Consequently, neat td was added volumetrically to the driecbholipids arranged in the highly curved inverted hexagonal

lipid film and allowed to equilibrate with the film for 30 min before H h . dditi | . f . h
hydration. Samples containing PgPtdMe, PamOlePtdEtn, and diolein ( ll) phase experience an additional axis of motion that

were prepared with the following composition (in mol%): 1) RamiMe  Yields the powder pattern shown in Fig.Blfor the same
(10), PamOlePtdEtn (85), and diolein (5); 2) R&tuMe (20), PamOlePt-  mixture at 67°C. A narrow isotropic (I) resonance of low
dEtn (75), and diolein (5). intensity at O ppm is superimposed on the latter. Isotropic
resonances reflect rapid isotropic motion and are generally
31p NMR characteristic of highly curved cubic structures (Shyamsun-
der et al., 1988).

31p NMR spectra were recorded on a 8.5-T solenoid interfaced with a The corresponding high-resolution MAS-NMR spectra
Bruker AM spectrometer operating at 145.8 MHz and equipped with agre shown in Fig. 1C andD. Rapid rotation at the magic
multinuclear 5-mm_ MAS sample spinning prob_e (Doty Scientifif:, Colum- ang|e causes narrow quuid-like spectra. Slower rotation,
bia, SC). The static spectra were recorded with6s/2 pulses, inverse .
gated noise decoupling (21 kHz proton field), 28-preacquisition delay, S,UCh as that shown (1'4 kHZ)’ creates a comb of Sp'””'”g,
4-s recycle delay, 25 kHz spectral window, 2K points zero-filled to 4K, and Sidebands (SSBs) around the centerband (the largest peak in
~1000 transients. Bloch decays of the MAS spectra were recorded witthe spectra shown) spaced at the rotation frequency that
1400+ 4 Hz sample rotation, 3@:s preacquisition delays, without proton  roughly maps out the static spectrum. There are two cen-
decoupling, 2-s recycle delays, a 25-kHz spectral window, 4K pointsierhands with associated sidebands; those associated with

zero-filled to 8K, and between 1,400 and 12,000 transients. The number ﬂs . -
transients collected in the MAS experiments was chosen to maintai tdCho are 0.62 pPpm Upfle|d of PtdEtn. An additional peak,

comparable signal-to-noise ratios in the sideband from the bilayer phasBarely visible at—2.2 ppm, is from the chemical shift
(second sideband to the left of the centerband). Saturation factors weeference, phosphocreatine.

Liposome preparations
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FIGURE 1 3P NMR approach to tracking phospholipid populations in polymorphism. The bilayer and inverted hexagonal structures are distinguished
with 3P MAS NMR. Spectra are shown for QRtdCho/OlgPtdEtn/Chol (25:30:45 mol%)A) Nonspinning spectrum of a bilayer structure at 22%). (
Nonspinning spectrum of the inverted hexagonal structure formed in the same sample a8 MBS spectrum (1400 Hz) oh. (D) MAS (1400 Hz)
spectrum oB. (E) Simulation ofC. (F) Simulation ofD. The small peak at-2.2 ppm visible iPA, C, andD is the internal chemical shift reference standard
(phosphocreatine). The isotropic peakBrat ~0.0 ppm is from isotropic (e.g., cubic) structures.

Shown in Fig. 1E andF, are the ANTIOPE (de Bouregas and as a presentational tool. In addition, the spinning speed
and Waugh, 1992) simulations of the corresponding MASchosen was sufficient to decoupt® from*H and obviate
spectra in Fig. 1C andD. The CSA tensor elements were any concerns about heating due'té irradiation.
adjusted to obtain the best fit of the experimental spectra. For each phospholipid, thigh sideband ared' was a
The fitted motionally averaged chemical shielding tensotinear combination of the normalized aredscharacteristic
elements used in the simulation shown in FigEXefer- for each of then phases weighted by the phospholipid
enced to the isotropic PtdCho peak (phosphocreatine populationsP in the nth phase:

—2.2 ppm) were as follows: PtdEtn (24.3;12.7, —9.7

ppm), PtdCho (27.9-16.6, —11.3 ppm). The parameters A= >pP, A (1)

used in Fig. 1F for the inverted hexagonal phase spectra

were as follows: PtdEtn<10.2, 6.8, 5.3 ppm), PtdCho The intensities of the second left, first left, centerband, and

(—12.7, 6.8, 5.8 ppm). A slight deviation from axial sym- first right sidebands were used to compute the phospholipid
metry provided best fits to the sideband patterns. Smalpopulations in each of the three phases. This approach led to
differences between the experimental and fitted profilesan overdetermined system (four SSBs, three phases of un-
may reflect incomplete averaging due to slower motionsknown phospholipid populations). Populations were ob-

near the spinning frequency. tained by varyingP, to minimize the sum of the squared

In the phase coexistence region of the & H,, transi-  residuals between all four experimental sideband intensities
tion, the sideband pattern obtained is a population-weightednd those computed with Eq. 1.
average of the characteristic,land H, (and I) sideband The analysis considered the sideband profile to be char-
patterns. Phospholipid populations in the,lH,, and |  acteristic of a particular phase as determined by an initjal L
states were determined by monitoring changes in the sidespectra or a final Kl spectra. When isotropic phases con-
band intensities throughout the transition. The spinnindgributed to the endpoints, the pure reference profile is ob-
speed (1.4 kHz at 8.5 T) was chosen to provide four sidetained by subtracting the isotropic phase deduced from the
bands of significant intensity for quantitation. It was desir- static spectrum from the centerband. From a qualitative
able that one sideband (here it was the second sideband standpoint, the second left sideband reflected the bilayer
the left of the centerband) represent the composition of theomposition. The first left sideband exhibited little change
L, structure for facile estimation of the bilayer composition for variances in the J/H, ratio, but lost intensity with
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increases in |. The centerband and first right sideband werPhospholipid distributions in saturated PtdCho/

sensitive to the compositions of all three structures. Ole,PtdEtn/Chol polymorphism

Substitution of dimyristoyl (Mys) PtdCho for the
Phospholipid distributions in Ole,PtdCho/ Ole,PtdCho used in the previous experiment and minor
Ole,PtdEtn/Chol polymorphism adjustment of the ratios so that the equilibrium occurred at

31p NMR spectra of the | — H,, transition of a mixture of suitable t_emperatures (l\/l_;)FPtdCho/OIQPtdEtn/Chol,

25 mol% dioleoylphosphatidylcholine (QRtdCho), 30 21:34:45) yleld_ed the spectra_ shown at represe_ntatl_ve tem-
mol% dioleoylphosphatidylethanolamine (GiRédEtn), and ~ Peratures in Fig. 3. The static spectra shown in FigA 3

45 mol% cholesterol (Chol) are shown at representativ@v'denced an elevation in the transition m|d90|nt tgmpera-
temperatures in Fig. 2. The static wideline and MAS spectrdure from that observed for the QRtdCho series (Fig. 2).
are shown in Fig. 2A andB, respectively. For demonstra- T.he presence of saturated chains acted to §taplllze the
tional purposes, the second left MAS sideband is asteriskeBilayer structure. The MAS spectra are shown in Fid.3

in Fig. 2 B, and expansions are displayed in FigC2This The asterisked sideband is expanded in FigC.3The
sideband is derived almost exclusively from the dtruc-  Phospholipid content of the bilayer became progressively
ture. Its PtdCho/PtdEtn peak ratio provided a facile visuaenriched in PtdCho and depleted of PtdEtn, as evidenced by
index for changes in the phospholipid composition. Slightthe change in the sideband ratio. Deconvolutions of the
increases in the MAS linewidths were observed during thedsterisked second left sideband pair are shown in Fig. 4 for
transition (possibly because of changes in sample packingie 28°C and 68°C points and further evidenced the 35%
or changes in diamagnetic susceptibility that arose from thécrease in the PtdCho/PtdEtn ratio in the bilayer. Similar
presence of the Jiaggregates). The PtdCho/PtdEtn inten-deconvolutions were performed for all pairs of the four
sity ratios shown in Fig. Z revealed little variation in the major sidebands throughout the transition for the plots
phospholipid composition of the bilayer throughout theshown below.

transition and provided an indication that the compositions Similar experiments performed with a dilauroyl (Ljwu

of coexisting phases were unchanged throughout the transitioRtdCho/OlgPtdEtn/Chol (21:34:45 mol%) mixture (sum-

A B C
*
21°c
FIGURE 2 Tracking phospholipid populations in J\L
the L, — H, equilibium of OlePtdCho- o7
Ole,PtdEtn-Chol (25:30:45 mol%). Representative

spectra are shown at the temperatures indicafgd. (
Nonspinning spectra.B) MAS spectra (1400 Hz).
PtdCho is shifted upfield or to lower frequencies) (
Expansion of the asterisked second left spinning
sideband. The vertical scale is magnified from top to
bottom by 1, 3.3, 11.5, and 11.5, respectively.
46 h }\ h

67 ____JJL\_.A ’WWMW
{ T | T T
40 20 0 -20 18

T T T T T
40 20 0 -20 22 20

pPpm
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A B c
*
8°C h h
FIGURE 3 Tracking phospholipid populations in 53 A j\/\\
the L, — H, equilibrium of Myr,PtdCho-
Ole,PtdEtn-Chol (21:34:45 mol%). Representative

//L/\\w

spectra are shown at the temperatures indicafd. (

Nonspinning spectra.B) MAS spectra (1400 Hz).

(C) Expansion of the asterisked second left spinning

sideband. The vertical scale is magnified from top to

bottom by 1, 2.7, 6.3, and 6.3, respectively.
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FIGURE 4 Deconvolution of the second left sideband peak pair demonstrates the changes in the PtdCho/PtdEtn population ratio that reflect changes in
the phospholipid composition of the bilayer. Peaks from Fi@ &t (A) 28°C and B) 68°C are shownsplid lineg. The fitted spectral components and
their sum are shown as dotted lines. The residuals are shown below.
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marized below) also revealed an increase in the PtdChaind the apparent transition width was reduced ([75%+
PtdEtn population ratio in the bilayer structure that was25% L,] = 7.5°C). Although the PtdEtn population now
intermediate between that observed for the mixtures conrepresented a sum of two species, no changes in the PtdCho/
taining OlePtdCho and MyPtdCho. Shape theories alone PtdEtn ratio were detected.
would have predicted effects more extreme than those ob-
served for MygPtdCho (see the Discussion).

To address the role of cholesterol, a mixture OfSummary of phospholipid distributions in
Myr,PtdCho and OlgPtdEtn (1:4) that lacked cholesterol PtdCho/PtdEtn/Chol
was examined. No changes in the PtdCho/PtdEtn ratios
were detected in the absence of cholestefgl € 74.9°C,  The phospholipid compositions of structures throughout the
transition width [75% |, — 25% L] = 12.4°C; see below). L, — H, transition are summarized for all three PtdCho/
To address the role of nonideal mixing, a lipid mixture thatOle,PtdEtn/Chol mixtures in Fig. 5. These data were ob-
was homologous to the mixture shown in Fig. 3 was examitained from a deconvolution of the four major sidebands as
ined. That is, the composite headgroup composition and thdescribed above. Fig. B-C, represents the dioleoyl, di-
composite acyl composition were maintained. This wadauroyl, and dimyristoyl PtdCho mixtures, respectively. The
achieved by swapping the dimyristoyl chains of PtdChothree curves in the top panels represent the fractional dis-
with some of the dioleoyl chains of PtdEtn so that thetribution of the total PtdCho population throughout the
mixture from Fig. 3 (MygPtdCho/OlgPtdEtn/Chol, 21:34: bilayer, inverted hexagonal, and isotropic phases. The mid-
45) yielded an OlgPtdCho/MygPtdEtn/OlgPtdEtn/Chol  dle panels show the same data for PtdEtn. The lower panels
(21:21:13:45) mixture. This swap transformed the disaturatshow the absolute population (not fractional) ratio of Ptd-
from a strong promoter of the bilayer structure Cho/PtdEtn in the bilayer. In the QletdCho system shown
(Myr,PtdCho) to a weak promoter of the,Hstructure in Fig. 5A, there was no significant change in the PtdCho/
(Myr,PtdEtn) without altering the cumulative membrane PtdEtn levels in the bilayer, and the apparent midpoint
“shape.” If mixing were ideal, the same cumulative mem-temperatures of PtdCho and PtdEtn were similar. In the
brane “shapes” should have yielded a similar midpointsystems where the population differences were manifest,
temperature. This was not observed. The phospholipid midshown in Fig. 5B and C, the apparent midpoint tempera-
point temperature was elevated by 7.7°%;, (= 73.1°C), tures for the two phospholipids diverged. The apparent

A B C

0.8
0.6
0.4
0.2

fraction PtdCho

0.8
0.6
0.4
0.2

fraction PtdEtn

1.2

w ._/
IL.;

0.6
15 35 55 20 40 60 80 25 45 65 85

PtdCho/PtdEtn
in bilayer

Temp °C

FIGURE 5 Distributional preferences of phospholipids in PtdChofeit#Etn/Chol polymorphism. The top and middle rows of panels depict the fraction
of PtdCho and PtdEtn, respectively, in the bilaylll),(inverted hexagonal{), and isotropic ® ) phases. The bottom row of panels represents the ratio
of PtdCho/PtdEtn in the bilayer. The three lipid mixtures are as folloA)sO(e,PtdCho/OlgPtdEtn/Chol (25:30:45 mol%)B) Lau,PtdCho/OlgPtdEtn/
Chol (21:34:45 mol%),€) Myr,PtdCho/OlgPtdEtn/Chol (21:34:45 mol%).
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midpoint temperatures of the PtdCho and PtdEtn compoequilibrium distribution. This is not the case here. See the
nents, expressed as the temperature at which half of thBiscussion.) The values &f°at the apparent midpoint of
phospholipid is in the planar bilayer and half is in the curvedthe bilayer to nonbilayer transition for the QRdCho,
nonbilayer structures (H or 1), were as follows: Lau,PtdCho, MysPtdCho mixtures were 1.04, 1.53, and
Ole,PtdCho system, PtdCho 37.0°C, PtdEtn 36.5°C;1.91, respectively. The apparent transition width based on
Lau,PtdCho system, PtdCho 58.5°C, PtdEtn 52.5°Cithe phospholipid phase behavior, defined as the heating
Myr,PtdCho system, PtdCho 71.8°C, PtdEtn 61.5°C. degrees necessary to alter the equilibrium from 75%-+%

To better illustrate the polymorphic tendencies of the25% L, is plotted against the apparent partition coefficient
phospholipids throughout the transition, the individualin Fig. 7. The excellence of the correlation and its seeming
phospholipid populations were summed for each phase arlthearity almost certainly overstated the actual situation,
plotted in Fig. 6. This presentation revealed substantiagjiven the neglect of cholesterol and the slightly different
differences in the apparent width of the transition for thesePtdCho/PtdEtn ratios employed. Nonetheless, the correla-
three lipid mixtures that coincided with the compositionaltion clearly evidenced the expected linkage between width
changes evidenced by the PtdCho/PtdEtn ratios. To quanta&nd composition.
tate the phospholipid phase distributions, an apparent mole

fraction partition coefficienK2PPwas calculated as follows:
P P Effects of tetradecane on phospholipid

app_ Mol PtdCho (L,)/[mol PtdCho (L) + mol PtdEtn (L.)] distributions in Ole,PtdCho/Ole,PtdEtn

“ mol PtdCho (H)/[mol PtdCho (H) + mol Ptd&tn (H)] 2 3P NMR spectra of an OtdCho/OlgPtdEtn mixture
@ (1:3 mole ratio) in the absence and presence of 1.3 wt%
This quantity resembled the traditional partition coefficienttetradecane (td) at 22°C aftd h of equilibration are shown
in mole fraction units, except that it focused on the phosin Fig. 8. The phospholipid composition of the bilayer
pholipids and neglected cholesterol. (Inherent within theremained constant throughout the td-induced transition, as
partition coefficient formalism is the assumption of a true evidenced by the expansion of the second left sideband. The
results are summarized in Table 1 for a wider range of td
concentrations. Equilibration times for experiments with td

1} were long and somewhat variable. To hasten equilibration,

0.8 td was allowed to equilibrate with the dried lipid film for 30

06 min. Except where indicated, Table 1 is based on spectra
= o4 A obtained 1-2 h after hydration and does not necessarily
.g ) represent equilibrium values. No evidence that td induced
g 02 any changes in the PtdCho/PtdEtn ratio was observed. The
= 9 transition was also monitored as a function of temperature
@ in the absence of td, and no changes in the PtdCho/PtdEtn
2 ratios were apparent.
g_: 1
w038 C i -
o Distribution of an anionic phospholipid
?13 06 B (PtdMe-PamOlePtdEtn-diolein)
8 04 The phosphatidylalkanols possess hydrophobic alkyl head-
f 0.2 groups that give rise to unusual properties (Lee et al., 1996;
B o=
2
£ E
3 g
o 08 S 16
K= =
o 0.6 2 12

04 c E o

02 g

0 —=a X 04
" 0 60 " 0 10 20 30

Transition Width (° C)
Temp °C

FIGURE 7 Correlation between the distributional preferences of the
FIGURE 6 Phospholipid populations in polymorphism. The individual phospholipids and the transition width. The apparent partition coefficient
phospholipid phase preferences shown in Fig. 5 are summed and presentefiphosphatidylcholine (see text) is plotted against the apparent width of
as a function of temperatur@, B, C and the symbols are defined in Fig. 5. the transition and fit to an empirical linear function.
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*
oA \ \
FIGURE 8 Effects of tetradecane on the distributional

preferences of OltdCho/OlgPtdEtn (1:3) polymor-

phism.3P NMR spectra/) in the absence andg) in the
presence of 1.3 wt% tetradecane at 22°Creitéa equil-
ibration. (Left) Static, (middle) MAS (1.4 kHz), and
(right) expansion of the asterisked second sideband, re-
spectively.
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Victorov et al., 1994). Fig. 9 containsP NMR spectra for The fractional distribution of each phospholipid among
a dipalmitoyl phosphatidylmethanol (PaRtdMe), 1-palmi-  the L., H,,, and | structures was plotted at several temper-
toyl-2-oleoyl-phosphatidylethanolamine (PamOlePtdEtn) atures during the transition for the PtdMe-PamOlePtdEtn-
and diolein (20:75:5 mol%) sample at representative temediolein (20:75:5 mol%) mixture in Fig. 10. The PtdMe/
peratures. The chemical shift anisotropy of PtdMe gave ris€tdEtn ratios remained constant throughout the transition.
to a distinct asymmetry (perpendicular edge) in the static
spectrum downfield from that of PtdEtn. The centerbands
and sidebands associated with PtdMe were 1.1 ppm dowrpisCcUSSION
field of the OlgPtdEtn signal. The increased resolution
allowed quantitative inquiries at modest PtdMe levels. ThisThe equilibrium distribution of membrane constituents
transition proceeded to the isotropic phase with low level®@mong lipid structures is strongly influenced by differences
of H, formed. The constancy of the PtdMe/PtdEtn ratio wasn Packing and curvature. For example, the transbilayer
demonstrated by the second left sideband region shown iflistribution of membrane constituents in highly curved,
Fig. 9 C, which indicated that the bilayer did not become Sonicated vesicles is sensitive to packing factors. The inner
significantly enrichedin either phospholipid. PtdMe-PamOle-and outer leaflets possess vastly different packing con-
PtdEtn-diolein (10:85:5 mol%) was also examined (notStraints and radii of curvature. Consequently, in sonicated
shown). The polymorphic transition proceeds directly fromlipid mixtures, the composition of each leaflet is generally
the bilayer to the K without a significant isotropic phase. different. Recent studies that examined the transbilayer dis-
No significant changes in the composition of coexistingfribution of phosphatidylethanol (PtdEt) in chain-homolo-
phases were observed. gous phosphatidylcholine vesicles demonstrated a fivefold
preference of PtdEt for the inner leaflet (Victorov et al.,
1994, 1997). The headgroup of PtdEt is much smaller than
TABLE 1 Polymorphism and phospholipid mixing in PtdCho/ that of PtdCho. Because headgroup packing was much
PtdEtn (1:3) with tetradecane denser in the inner leaflet, the distributional preference of
Percentage Percentage PtdEt for the inner leaflet was strongly expressed. This
Tetradecane Percentage Percentage inverted  PtdChoin  jnnate distributional preference for the inner leaflet was

added wi% _bilayer isotropic _ hexagonal _ bilayer strongly countered at higher levels of anionic PtdEt by
0.0 100 0 0 2515  electrostatic factors that tended to equalize the transbilayer
i-é5 2;’ 1" ég’ gg-i ig distribution. The resultant distribution was described quan-
L3¢ a1 > 57 261t 15 titatively as a competition between packing and electrostatic
3.0 10 o* 90* _ factors.
10.0 g 0* 100 — Similar principles are expected to apply to polymor-
Data were obtained at 22°C and are based on phospholipid populations.phlsm' Lipids, such as unsaturated PtdEtn, that possess a

*Five hours after hydration (see text). small headgroup and a large mean hydrocarbon volume
“Estimated from static spectra. (unsaturated chains or longer chains) tend to form inverted
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FIGURE 9 Distributional phase preferences of

PamPtdMe/PamOlePtdEtn/diolein at the tempera-
tures indicated atA) static and B) MAS at 1400 Hz,
and C) expansion of second left sideband region of
the spectra oB. The vertical expansions, in order
from top to bottom, are 1, 1.15, 1.93, and 7.5.
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phases in isolation and promote inverted phases in a mix@le,PtdEtn/OlgPtdCho mixture (4:1) in the presence of
ture, and it would appear that they should exhibit a distri-varying amounts of cholesterol. Widelife NMR of either
butional preference for inverted phases in the phase coeXrtdCho or PtdEtn deuterated in the acyl chain region
istence regime of polymorphic transitions. The converseshowed qualitatively similar spectra in the presence of co-
should apply to lipids, such as saturated PtdCho, that posxisting L, and H, structures and indicated that the phos-
sess larger headgroups and smaller mean hydrocarbon arga®lipid composition was uniform for all phases throughout
(saturated chains or shorter chains). That such a simpléhe L, — H,, transition. Other workers, however, found an
picture was not operative in polymorphism was suggeste@nrichment of PtdCho in the Lstructure of PtdCho/PtdEtn
by our observation that the ratio of the resolved asymmemixtures under low water conditions, as determined by the
tries of 3P bilayer powder patterns in binary lipid mixtures deconvolution of the widelind'P powder patterns of the L
appeared constant in polymorphism (Lee et al., 1996).  structure. They suggested that the composition of coexisting
L, and H, phases of mixtures was likely to differ (Eriksson
et al., 1985). Subsequently, the system studied by Tilcock
was reexamined by'P NMR studies of aligned mixtures.
Two studies have examined the composition of coexistingrhe approach yielded narrow resonances whose intensities
L, and | structures, and both concluded that the structuresonfirmed the wideline?’H NMR studies that indicated
had a similar composition. In each case the phospholipid¢donstant compositions (Fenske and Cullis, 1992). Yet x-ray
resonances in the isotropic structure were resolved by highdiffraction studies of OlgPtdCho/OlgPtdEtn mixtures in
resolution solution statéP NMR, and their intensities were the presence of small amounts of tetradecane (td) were
found to be representative of the total sample compositioninterpreted as showing up to a twofold enrichment of Ptd-
The systems investigated were egg PtdCho/cardiolipin/calcho for the bilayer structure (Rand et al., 1990). Other x-ray
cium (de Kruijff et al., 1979) and 1-palmitoyl-2-oleoyl studies of OlgPtdEtn containing a variety of unsaturated
PtdCho/dilinoleoyl PtdEtn (Boni and Hui, 1983). PtdCho in the absence of alkane were qualitatively support-
In coexisting L, and H, structures, however, differing ive of this interpretation (Tate and Gruner, 1987). These
interpretations emerged. Tilcock et al. (1982) examined amesults again cast doubt on the idea that the composition of

Previous studies
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the extent of lateral phase separation, are expressed in

% 08 polymorphism as compositional heterogeneity, as discussed
& below.
5 06
% 04
g 02 Distribution of diunsaturated phospholipids
0 In agreement with the results reported by Tilcock et al.
(1982) and Fenske and Cullis (1992) for fully hydrated
Ole,PtdCho/OlgPtdEtn/Chol mixtures, we found no quan-
g 1 titatively significant change in the phospholipid content of
Y o0 the phases throughout thg, > H,, transition. Although
a PtdCho prefers to adopt bilayer structures in isolation and
S 06 stabilizes bilayer structures in PtdEtn mixtures, this prefer-
B 04 ence was not expressed through its distribution between
£ o2 coexisting phases during the, l— H,, transition in this
0 mixture.

A different situation, however, was previously reported
for the same dioleoyl phospholipids in the presence of

£ 05 tetradecane and in the absence of cholesterol (Rand et al.,
% 5 04 C 1990). PtdCho was thought to be enriched in thestruc-
& 7 o3 ______\/- ture, whereas PtdEtn was thought to be enriched in the H
§ 5 0.2 This conclusion was reached indirectly by x-ray diffraction,
2 £ and based on the observation that the first-order Bragg
o 0 spacings of both coexisting,land H, structures (i.e., their
a5 0 45 50 55 structural dimensions) were dependent on the amount of
tetradecane added, and by assuming that the td-dependent
Temp °C changes in Bragg spacings could be correlated with changes

in the PtdCho/PtdEtn composition ratios. In contrast, our
FIGURE 10 Distributional phase preferences in BatdMe/PamOlePt-  direct measures of phospholipid populations indicate that
dEtn/diolein (20:75:5). The fractions oA( PtdMe and B) PtdEtn in the  the PtdCho/PtdEtn ratio is constant. The source of the
bilayer @), inverted hexagonal{)), and isotropic ) phases throughout discrepancy is unknown; however, in the current study the
the transition are shownCJ The PtdMe/PtdEtn molar ratio in the bilayer. effects of td are Iarger than those observed in the diffraction
study. The addition of 10 wt% td to our sample completely

coexisting phases was constant in polymorphism. In ou'rnOluced the i phase (Table 1), whereas thg phase was

work with phosphatidylalkanols in PtdEtn matrices usingpresent in the diffraction study. Possibly our approach to td

wideline *'P NMR, we noted that the resolved perpendicu_gquilibration—incubg'tion 'for 30 min with the dried Iipid.
lar edge of the r,larrowedDj_phosphatidylalkanol tensor film—hastened equilibration and reduced td heterogeneity

. ) . ‘ : in the sample. These considerations are insufficient, how-

decreased in conjunction with the perpendicular edge of the . .

) ever, to account for the changes in Bragg spacings reported

broader L, PtdEtn tensor and showed no evidence of. . .

o : in the phase coexistence region for unsaturated PtdCho,

marked distributional preferences in a PamOlePtdEtn ma: . .

: : o : : Ole,PtdEtn mixtures in the absence of td (Tate and Gruner,
trix, but as with all wideline NMR studies cited, small

changes in composition could have been overlooked (Lee e]’th?)'

al., 1996).

A related situation occurs Wh?h the bilayer phOSthI'p'dsDistribution of anionic phosphatidyimethanol
are laterally segregated. In mixtures of gel-state bilayer-
preferring and fluid-state fHpreferring lipids, lateral se- Increases in the surface charge of membranes caused by the
guestration of the gel-state ipreferring lipids allowed the presence of anionic lipids induce electrostatic interactions in
fluid-state H,-preferring lipids to undergo the L— H, bilayers that strongly favor the maintenance of the bilayer
transition (Tilcock and Cullis, 1982). The addition of cal- structure vis avis the H, state (Epand and Bottega, 1988).
cium to lipid mixtures containing certain species of phos-It might be anticipated that these repulsive forces would be
phatidylserine segregated the phosphatidylserine into cryssufficient to induce a distributional preference of the anionic
talline domains and allowed the remaining lipids (PtdEtn) tolipid for the bilayer and induce the depletion of the anionic
undergo the |, — H,, transition (Tilcock and Cullis, 1981). lipid in the H, state, where headgroup packing is tighter.

In these cases the transition was incomplete, in contrast tBreviously we examined anionic dioleoylphosphatidyletha-
the systems studied here. More germane to the presentissoel (10 mol%) in a 1-palmitoyl-2-oleoyl-phosphatidyleth-
is whether nonidealities in lamellar lipid mixing, but not to anolamine matrix by wideline*P NMR and found no
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marked difference in the mixing properties of the phospho-diunsaturated PtdCho. Together, these and other results
lipids, based on comparisons of the distinct perpendiculawere interpreted as indicative of low interaction enthalpies
edges of the respective powder patterns (Lee et al., 1996petween cholesterol and the diunsaturated phospholipid
Here we have used the MAS SSB technique to examine thehains due to packing mismatches between the rigid tetra-
distributional properties of dipalmitoylphosphatidylmetha- cyclic ring and the bend at theis double bond. Nonideal
nol (10, 20 mol%) in a similar PamOlePtdEtn matrix (dopedmixing was postulated, with cholesterol-cholesterol and
with 5 mol% diolein to lower the midpoint temperature). In cholesterol-disaturate interactions being favored over cho-
neither case was the anionic lipid concentration enriched olesterolis-diunsaturate interactions (Subczynski et al.,
depleted in any structure during polymorphism. Wheread 990; Pasenkiewicz-Gierula et al., 1990). Similar conclu-
the phosphatidylalkanols exhibit a number of unusual propsions were reached by Shin and Freed (Shin and Freed,
erties traced to the hydrophobic alkyl headgroup (Victorov1989a,b; Shin et al., 1990, 1993). These authors used ori-
etal., 1994; Lee et al., 1996), the electrostatics appear to kentational order parameters to estimate the thermodynamic
well behaved (Victorov et al., 1997). Thus electrostaticactivities of cholesterol and PtdCho. They also concluded
factors are not a strong promoter of compositional heterothat acyl chain unsaturation led to expulsion of Chol from
geneity of coexisting structures in polymorphism. the vicinity of the unsaturated phospholipid and thereby
promoted the formation of cholesterol-rich microclusters.
Applying these interpretations to the MtdCho/
Ole,PtdEtn/Chol (21:34:45) at hand, fluid-phase microim-
miscibility in the bilayer was characterized by favored in-
teractions between MyPtdCho and Chol that, in turn,
In contrast to these results, significant changes in the conmcaused increased contacts among,PiéEtn molecules.
position of coexisting phases were observed in theConsequently, increased ORdEtn contacts can be
Myr,PtdCho/OlgPtdEtn/Chol and LagPtdCho/OlgPtdEtn/  thought of as transient microclusters enriched in,@tdEtn
Chol mixtures. In the absence of cholesterol, the composithat were more inclined to undergo the & H,, transition
tion of coexisting phases was constant in the MydCho/ and, in turn, facilitate OlgPtdEtn enrichment in the H
Ole,PtdEtn system, suggesting that cholesterol was key tphase. Conversely, transient microclusters enriched in
the expression of heterogeneity. Studies of the chain lengtMyr,PtdCho and Chol were less inclined to undergo the
dependence of polymorphism indicated that longer chairL , — H, transition and allowed enrichment of MyatdCho
lengths generally promoted the formation of inverted struc-and Chol in the bilayer. The smaller effects observed in the
tures, whereas shorter chain lengths promoted the formatiobau,PtdCho/OlgPtdEtn/Chol system could be ascribed to
of bilayer or normal micellar structures (Epand et al., 1989;the short Lau chain length that was thought to be less able
Lewis and McElhaney, 1993; Seddon et al., 1983). Fronto accommodate Chol than longer acyl saturates (Mcintosh,
this standpoint, LayPtdCho should have been more effec- 1978), with its mixing behavior found to be intermediate
tive than MypPtdCho in raisindly, and should have exhib- between longer chain saturates asistdiunsaturates (Ku-
ited a more pronounced preference for the bilayer structuresumi et al., 1986). Here, no phospholipid enrichment was
The observed behavior was contrary to these expectationspserved in the Ol@tdCho/OlgPtdEtn/Chol system. Be-
with Myr,PtdCho being more potent than L&idCho in  cause the acyl chains were homologous, Chol was unable to
raising T, and exhibiting a greater preference for the L discriminate between PtdCho and PtdEtn on that basis and
structure. This indicated that the presence of cholesterol hatthe PtdCho/PtdEtn ratio was constant, although the con-
modified the expected dependenceTpfon chain length.  stancy of the Chol distribution was undetermined. Nor were
The effects of cholesterol in polymorphism are complex.differences in composition observed in the absence of cho-
Cholesterol had a strong biphasic effect on Theof die-  lesterol (MyrpPtdCho/OlgPtdEtn, 1:4, or OlgPtdCho/
laidoyl (Ela,) PtdEtn and similar but much weaker biphasic Ole,PtdEtn, 1:3). When the dimyristoyl chains of PtdCho
effects on PamOlePtdEtn and egg PtdEtn (Epand and Botwere swapped with the dioleoyl chains of PtdEtn to form a
tega, 1987). X-ray diffraction showed reflections characterquaternary mixture (OlPtdCho/MygPtdEtn/OlgPtdEtn/
istic of cholesterol domains>( 35 mol%) in ElgPtdEtn and  Chol, 21:21:13:45) with the same composite membrane
egg PtdEtn (Cheetham et al., 1989). shape as the MyPtdCho/OlgPtdEtn/Chol (21:34:45) mix-
Other studies indicated that the miscibility of cholesterolture, no significant change in the PtdCho/PtdEtn ratio was
strongly depended on the saturation of the phospholipid’®bserved (although the PtdEtn resonance represented both
acyl chains. Cholesterol (30 mol%) was shown to induce aMyr, and Olg species). The transition was much narrower
fourfold decrease in the lateral diffusion of fluorescently and the midpoint was elevated. This result is consistent with
labeled PtdEtn in saturated MyatdCho, but almost no the scenario posed, in which Chol favored interactions with
change in diunsaturated QRtdCho (Kusumi et al., 1986). the saturated lipid—MwyPtdEtn after swapping—thereby
Subsequent studies (Pasenkiewicz-Gierula et al., 1990; Subeplacing the increased contacts among,PigEtn mole-
czynski et al., 1990) showed that a variety of the actions otules (which strongly promote structures) with increased
cholesterol were stronger on saturated PtdCho (eentss  contacts between OJBtdCho and OlgPtdEtn (which is less
diunsaturated PtdCho), but were greatly attenuatedi®n inclined to promote K structures than OMtdEtn alone).

Distribution of disaturated/diunsaturated
phospholipids in the presence of cholesterol
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The nature of the lateral organization of cholesterol in therium (Epand and Lemay, 1993). Consequently, there was
bilayer is beyond the scope of this article and is discussed dittle opportunity for statistical fluctuations in the composi-
length in the cited articles. The main point here is that lateration of the cooperative assembly undergoing the transition,
microheterogeneities are likely to be expressed as compdhat would have enabled an individual constituent to estab-
sitional heterogeneity in the L— H,, transition, with the lish its innate equilibrium distribution or partitioning behav-
distributional character based on the curvature propensity abr among structures.
the microclusters that are involved in the transition, rather This reasoning implies that the situation should be dif-
than reflecting the distributional preferences of the individ-ferent for membrane constituents that possess an apprecia-
ual membrane constituents. ble aqueous solubility that allows for the redistribution of
individual molecules through a traditional partitioning
mechanism (e.g., Janes et al., 1992). In those cases, indi-
Distributional preferences and transition width vidual molecules are not barred from expressing their innate
distributional preferences. The likelihood of compositional
heterogeneity should increase substantially. Furthermore,
e aqueous reservaoir, if very large, is capable of buffering
changes in the agent’s concentration as the transition

Ole,PtdEtn/Chol system, where the transition width (75%progresses, and thereby can diminish the utility of the tran-
' sition width as a marker for the presence of compositional

L, — 25% L,) was 28°C. With the composition of the .
bilayer changing continuously throughout the transition theheterog'en.elty. .
’ The findings obtained here have relevance for the mech-

“mi int” i iti istri
dpo t temperature for each composition also. Va”edamsm of the I, — H,, transition. That the preferred distri-
continuously, and an increase in the transition width oc- - o .
. .- . ) butions are not expressed contraindicate transitional inter-

curred. Partition coefficients correlate linearly with compo-

. . - mediaries that allow free diffusion of individual membrane
sition over narrow ranges of the partition coefficient, such

as those found here. Therefore, the linear correlation :~*,how(r:10n‘°’tItuents between coexisting nd H, structures.

between the apparent partition coefficient and the transition
width reflected the dependence of the transition width OnSUMMARY
the phospholipid composition.

A method of tracking phospholipid populations of coexist-

ing phases in polymorphism was developed, based on the
Kinetically hindered or equilibrium distributions? spinning sideband intensities of slow speed MAS NMR.
Based on a selected sampling of lipid mixtures, the follow-

How is it that a lipid exhibits a strong preference for a h h q . o
particular phase in isolation, strongly stabilizes that phase ifg hypot eses were drawn. Thg innate distributional pref-
erences of individual phospholipids are not expressed dur-

a mixture, and yet exhibits no distributional preference for, : hi h e . h .
that phase in the phase coexistence region of a thermotropﬁ@gI PO ymrc])_rp |s_m.hT e composition Olf coemstmg pI asesin
transition? Constraints imposed by the low aqueous solyPOlymoOrphism 1S nomogeneous, uniess: nonideal mixing
bility of phospholipid monomers eliminated the aqueouspreex'$tlrlg W'tr.".n a pha}se facilitates the formatlon_ .Of co-
medium as a redistribution pathway, as would be applicabl perative transitional lipid clusters that are c.o_mposmonallly
for a traditional partitioning mechanism. Compositional het-. eterogeneous._ln such cases, the.co.mpc.)smons of coexist-
erogeneity among phases was observed only when compBlg phases are likely to reflect the distributional preferences
sitional heterogeneity preexisted within a phase. Our result f the cluhster er:jsembler.] The format|oq .Of cpmp03|t|onally
were consistent with the concept that the lipid distribution istinct phases during the,l— H, transition Is accompa-

among coexisting phases is governed by cooperative intenied by an increase in the transition breadth. This increase
actions where free diffusion of individual phospholipids

should be regarded as a sign of possible compositional
among phases was hindered. The + H,, transition in-

heterogeneity in cases where the compositions of coexisting
volves a macroscopic rearrangement of lipid morphologyPhases are undetermined.

from vesicles to cylinders. This is quite distinct from the

main transition, where coexisting structures are laterally red by National Institutes of Health arants AAOOL63. AAGTL86. and

. . P upporte y National Institutes of Realth grants , ,an

JUXtaPO,Sed and are in constant f_lux' Llpld exchange betWeeﬁAO7463, and a grant from the Alcoholic Beverage Medical Research

coexisting L, and H, structures is very slow. No exchange gqndation.

of phospholipids between the Land H, structures was

detected over a period of at least several seconds (Fenske

and Cullis, 1992). The kinetic barrier for structural inter- REFERENCES
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