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Molecular Order and Dynamics in Bilayers Consisting of Highly
Polyunsaturated Phospholipids
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ABSTRACT The time-resolved fluorescence emission and decay of fluorescence anisotropy of 1,6-diphenyl-1,3,5-
hexatriene (DPH) was used to characterize equilibrium and dynamic bilayer structural properties of symmetrically substituted
phosphatidylcholines (PCs) with acyl chains containing no, one, four, or six double bonds and mixed-chain phosphatidyl-
cholines with a saturated sn-1 chain and one, four, or six double bonds in the sn-2 chain. Both the Brownian rotational
diffusion (BRD) model and the wobble-in-cone model were fit to all differential polarization data, and the descriptions of the
data provided by the BRD model were found to be statistically superior. Global analysis of differential polarization data
revealed two statistically equivalent solutions. The solution corresponding to a bimodal orientational distribution function, f(6),
was selected based on the effects of temperature on f(6) and previous measurements on fixed, oriented bilayers. The overall
equilibrium acyl chain order in these bilayers was analyzed by comparing the orientational probability distribution for DPH, 7(6)
sin 6, with a random orientational distribution. Orientational order decreased and probe dynamics increased in mixed-chain
species as the unsaturation of the sn-2 chain was increased. The degree of orientational order dropped dramatically in the
dipolyunsaturated species compared with the mixed-chain phosphatidylcholines, which contained a polyunsaturated sn-2
chain. In terms of both orientational order and probe dynamics, the differences between the highly polyunsaturated species
and the monounsaturated species were much greater than the differences between the monounsaturated species and a
disaturated PC.

INTRODUCTION

Phosphatidylcholines with two saturated acyl chains ar®2:6n3 acyl chains. The abundance of highly polyunsatu-
among the most heavily studied of all phospholipids; how-rated phospholipids in biological membranes that perform a
ever, these species are a minor constituent of most biolograriety of crucial functions makes it imperative that we
ical membranes. The phospholipids of most biologicalunderstand the unique properties they confer upon phospho-
membranes are predominandg1-saturatedsn-2-unsatur-  [ipid bilayers.

ated, and many membranes contain notable levels of phos- It is widely recognized that phospholipid acyl chain un-
pholipid species in which both acyl chains are polyunsatusaturation plays a major role in determining many important
rated. High levels of acyl chain unsaturation are especiallyjlayer properties, including phase transition temperature
prevalent in the membranes of the nervous system, retinngiewaki and Salem, 1994; Kariel et al., 1991), bilayer
and spermatozoa (Salem, 1986). Extensive fatty acid anajhickness (Thurmond et al., 1994), area per molecule (Holte
ysis (Miljanich et al., 1979) and phospholipid molecular gt 51, 1995), and acyl chain packing free volume (Straume
species characterization (Stinson et al., 1991) of the bovingnq | jtman, 1987a). Measurements with a wide variety of
retina reveal that more than half of the fatty acid chains argecpniques have led to a consensus that the introduction of
docosahexaenoic acyl chains (22:6n3), and one-fourth of singlecis double bond to a saturated acyl chain resuits in

the phospholipids are dipolyunsaturated, containing tWa, 5rge decrease in molecular order in the liquid crystalline

phase. However, the effects of higher levels of unsaturation
Received for publication 12 June 1997 and in final form 28 October 1997._are not as W'de'Y fagreed 'upon, and appear to vary, depend-
Address reprint requests to Dr. Drake C. Mitchell, Room 55, Flow Bldg.,Ing on the SpeCIfIC location of the double bonds and on

NIAAA, 12501 Washington Ave., Rockville, MD 20852. Tel.: 301-443- Whether one or both phospholipid acyl chains are unsatur-
1102; Fax: 301-594-0035; E-mail: dmitchell@dicbr.niaaa.nih.gov. ated. Knowledge of the effects of acyl chain unsaturation on
Abbreviations used16:0, 18:1 PC, 1-palmitoyl-2-oleogrglycero-3-  bilayer properties is especially incomplete for high levels of
phosphocholine; 16:0, 20:4 PC, 1-palmitoyl-2-arachidormylycero-3-  nolyynsaturation, meaning four or more double bonds. It is
phosphocholine; 16:0, 22:6 PC, 1-palmitoyl-2-docosahexaesteglyc- not clear that the effects of a single double bond on acyl
ero-3-phosphocholine; di  14:0 PC, 1,2-dimyristspglycero-3- . . o
phosphocholine; di 18:1 PC, 1,2-dioleayiglycero-3-phosphocholine; di  chain packing lead to any general description that can be
20:4 PC, 1,2-diarachidonogiglycero-3-phosphocholine; di 22:6 PC, used to explain the effects of high levels of polyunsatura-
1,2-didocosahexaenogh-glycero-3-phosphocholine; DPH, 1,6-diphenyl- tjon. Phospholipids with high levels of acyl chain unsatura-
1,3,5-hexatriene; DTPA, diethylenetriaminepentaacetic acid; LC, liquid,: : :
crystalline; PC, phosphatidylcholine; PIPES, piperadihi--bis(2-eth- t.lon (four or more double bonds).h.ave received .relatlvely
anesulfonic acid); POPOP, 1,4-bis(5-phenyloxazol-2-yl)benzene; THF,IIttIe study compared to phospholipids that are disaturated
tetrahydrofuran. or monounsaturated. One aspect of the role of phospholipid
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order of high levels of unsaturation at both #1el andsn2  compare the resulting values wit)) which has previously

positions. been used by this laboratory to summarize the DPH equi-
We report here a systematic examination of the effects ofibrium orientational order (Straume and Litman, 1987a).

increasing unsaturation from one to six carbon-carbon dou-

ble bonds, in one or both phospholipid acyl chains, on acyl

chain packing in L-C phase bilayers. The effects of increasEXPERIMENTAL PROCEDURES

ing ungaturation at only then-2 position was examined for Sample preparation

the series 16:0, 18:1 PC; 16:0, 20:4 PC; and 16:0, 22:6 PC.

The gel-LC phase transition temperatures for these thre%:'_)PhO;phf‘t:"ipids,;’Vere P“rZChi‘SZdbf“r’]mhA"a?“ Polar LIiPid_Z (Ah'abasref'

o o o and, alter purity was checke Igh-performance liquia chromatog-

molecules are-2.5°C, —20.6°C, and—11.3°C, respec- raphy, were uged \)//vithout further pﬁrifigatirc))n. DPH Wasqpurchased fro?n

tively (Hernandez-Borrell and Keough, 1993). The struc-mgjecular Probes (Eugene, OR), dissolved in THF, and stored under argon

tures of the three unsaturated fatty acid acyl chains aret —20°C. Large unilammelar vesicles were prepared as follows. Lipid

shown in Fig. 1. In addition, the effects of increasing stock solutions were dried from chloroform under a stream of argon gas,

unsaturation of both acy| chains was studied for the Seriegnd the resulting phospholipid film was dissolved in cyclohexane. The

S A F1q. o0 99 cyclohexane solution was frozen, then lyophilized to yield phospholipid in
di-14:0, di-18:1 PC, di-20:4 PC, and di-22:6 PC. Thethe form of a dispersed white powder. This powder was dissolved in a

gel-LC phase transition temperatures for these four molesq|ytion of octylglucoside (30 mM octylglucoside, 10 mM PIPES 180
cules are 23 to 24°C (Caffrey, 1993),16 to —20°C (Caf-  DTPA, pH 7.0). Octylglucoside was removed by dialysis against a 50-fold
frey, 1993),—69°C (Kariel etal., 1991), and 68°C (Kariel excess buffer a total of three times. The size distribution of the resulting

et al. 1991) respectively. Examination of the set of SiXIarge unilammelar vesicles was reduced by extrusion 10 times through a

unsaturated molecules has facilitated differentiation of bi2r of 0-2um membranes with a Lipex extruder (Vancouver, BC). Al
buffers were heavily flushed with argon, and all preparative procedures

layer Pmperties regulting from high levels of unsja'[uraﬁoninvolving unsaturated phospholipids were carried out in an argon-filled
on a single acyl chain from those due to unsaturation of botllove box. Samples for fluorescence measurements were made immedi-
phospholipid acyl chains. ately before use by diluting a concentrated vesicle stock solution to 100

The time-resolved anisotropy decay of the fluorescentM phospholipid, and adding 0.5l of DPH in THF to yield a final

ospholipid/DPH ratio of 500:1. Argon was streamed into the cuvette
membrane probe DPH has been used by a large number §Ering this entire process, and the added THF was allowed to evaporate by

investigators to QharaCFeriZ.e aC}" chain packing properti€gontinuing the argon stream for several minutes after the addition of DPH.
and phase transitions in biological membranes and phosil samples were incubated at 40°C in darkness foh before being
pholipid bilayers (see Lentz, 1993, for a review). A numberbrought to the required temperature for measurement. Total optical density
of models have been employed to extract information aboufvesicle scatter plus absorption) at the wavelength of fluorescence excita-
probe dynamics and orientational order from the anisotropy/®" s 1ess than 0.1.

decay. We are primarily interested in the packing of the acyl

chgms in the bilayer, which ywll be reflected by the orien- gluorescence measurements

tational order of a free tumbling probe such as DPH. It has

been established both theoretically (van der Meer et al Fluorescence lifetime and differential polarization measurements were
1984: Szabo et al., 1984) and experimentally (Ameloot e]-gerformed with a K2 multifrequency cross-correlation phase fluorometer

i i ISS, Urbana, IL). Excitation at 351 nm was provided by an Innova 307
al., 1984; van Langen et al., 1987b, 1989; Wang et al., 1991);qon ion laser (Coherent, Santa Clara, CA). Lifetime and differential

that the second- and fourth-rank order paramefegsand  polarization data were acquired using decay acquisition software from 1SS
(P,) can be obtained from the decay of fluorescence anisotat 10, 20, 30, and 40°C, except for di-14:0 PC, which was studied at 30, 40,

ropy of DPH in randomly oriented membrane systems. To47' and 55°_C. F_or lifetime measurements 12 modulatio_n fr_equencies were
used, logarithmically spaced from 5 to 250 MHz. All lifetime measure-

maximize the information gained from such measurementsments were made with the emission polarizer at the magic angle of 54.7°

the derived order parameters are generally used to calcula§ative to the vertically polarized excitation beam and with POPOP in
an equilibrium orientational distribution functiofi(6), of  absolute ethanol in the reference cuvetie<( 1.35 ns; Lakowicz et al.,
the fluorescent probe molecule. To facilitate comparisons 0£981). Differential polarization measurements were made at 15 modulation
different biIayer Compositions in terms d)w)’ we have frequencies logarithmically spaced from 5 to 300 MHz. For each differ-

calculated the overlap between the resultin robabilit ential polarization measurement the instrumental polarization factors were
P gp ymeasured and found to be between 1 and 1.05, and the appropriate

distributions, f(6) sin 6, and a random distribution, and ¢orrection factor was applied. Scattered excitation light was removed from
the emission beam by a 390-nm highpass filter in the emission beam. At
each frequency data were accumulated until the standard deviations of the
phase and modulation ratio were below 0.2° and 0.004, respectively, and
HOOJJ\/W\/WcHS 18109 these values_ were_us_ed as the s_tandard devia_ltion fc_)r the measureq phase
’ and modulation ratio in all analysis. Both total intensity decay and differ-
ential polarization measurements were repeated at each temperature with

e}
HO CHj3 20:4n-6 each phospholipid a minimum of three times.

HO~v=vavavavavaCHs  22:6n-3 .
o Data analysis

FIGURE 1 Structures of the three unsaturated fatty acid acyl chainsTotal fluorescence intensity decays were modeled with a Lorentzian dis-
investigated. tribution, plus a discrete exponential decay to account for scattered back-
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ground light, using Globals Unlimited (Alcala et al., 1987; Beechem et al.,ing to (van der Meer et al., 1984)
1991). The lifetime of the discrete component was fixed at 0.001 ns, and
its fractional intensity was allowed to vary along with the center of the 3
Loreptzian c'iistrib_ution,f'c, the width of the digtributipn at 'half heighy, rt) = ry E giexq_tjd)i) + 0, (4)
and its fractional intensity. The resulting fractional intensity of the discrete
component varied from 1% to less than 0.1%, and the values of regdced
ranged from 1 to 5. W
Measured polarization-dependent differential phases and modulation
ratios for each sample were combined with the measured total intensity 1 2 18
depay to ylelq the anisotropy decaiyt). Anlsot.ropy decays werg analyzed g=z+s5 <p2> + — <p4> — <p2>2
using three different models: a sum of two discrete exponential decays, the 5 7 35
wobble-in-cone model (Lipari and Szabo, 1981; Kinosita et al., 1977), and
the BRD (Brownian rotational diffusion) model (see Levine and van 2 24
Ginkel, 1994, for a review). Each of these models was used in a global 0= g + ? <P2> - ?5<P4>
analysis of all of the data at all four temperatures for a given phospholipid
composition withr,, the anisotropy at time 0, globally linked.
An empirical description of all anisotropy decays was obtained via
analysis in terms of a simple sum of exponentials, of the form

i=1

here

_2 4 6
gs—g_?<PZ>+£<P4>

r(t) = (ro — ro)(Biexp(—t/ey) + Bexp(—t/d)) +r.. (1) 9 = (P’
Wherer,, is the fluorescence anisotropytat 0, andr., is the nondecaying _ [ 1 <Pz> 12
anisotropy F tests of the analysis of single experiment results showed that $1=0:/|6D, 5 + 7 35 (Pa)

the data supported the use of five independent parameterg4, 81, B,
andr.,) for the sum-of-exponentials model. r 1 (P 8

The empirical sum-of-exponentials model provides information about — LYy =

. o . ¢, gz/ 12DL< + + <P4>)

fluorophore rotational correlation times and the extent to which the fluo- L 5 14 35
rescence anisotropy can decay to zero. However, it provides no information
regarding the range of equilibrium angular orientations DPH is restricted to [ 1 (Py 2
by the surrounding matrix of phospholipid acyl chains. The equilibrium ¢s = g3/ 12DL<5 -7 - 5<P4>)]
orientational distribution of a free-tumbling fluorescent probe molecule L
will reflect the equilibrium orientational order of the surrounding phos- ) )
pholipid acyl chains; therefore all data were also analyzed by using the The recovered yalues dPz) and(P,), along with the_corrgspond!ng_
BRD model, which yields the order parametés) and(P,), which can be Legendre polynomials, can be used to construct the orientational distribu-

used to construct an orientational distribution functibf®), of the probe tion function accorc_jmg to Eq. 2. However, the' resulting _truncated seres
molecule can produce negative values ff). Therefore, interpretation of the re-

The BRD model is based upon an approximate solution of the Smolu-cove.rEd valut_as ofP,) apd (Py) in terms_ of an _orlentatlonal d|str|b_ut|on
howski i der M t al. 1984 Szabo. 1984) and id function requires adoption of a specific functional form fdg), which
chowski equation (van der eer etal. ; Szabo, .) and provides a satisfy the general constraints

theoretical framework for examining the orientational distribution of a

free-tumbling fluorescent probe with cylindrical symmetry. In general the f(@) >0 (5a)
orientation of a molecule with cylindrical symmetry in a lipid bilayer is -

completely described by the anglebetween its symmetry axis and the

local membrane normal. The generalized orientational distribution func- ™ .
tion, f (), can be written as a series expansion of the Legendre polynomi- f(9)5|n 0do=1 (5b)
als, P,(cos 6): 0

1 The order parameterd,) and (P,) are related td () via two coupled
f(0) = >, = (2n + 1)(P)P,(cosb) (2)  integral equations of the type shown in Eq. 3, which meansftféitcan
n 2 include no more than two adjustable parameters.
The results of the BRD model-based analysis were interpreted in terms
of an angular distribution function that is symmetrical abéut =/2, and
is based on maximizing the information entropyf@é) (van der Meer et
al., 1982; Pottel et al., 1986),

wheren is even and(P,) is the nth rank orientational order parameter.
Order parameters are calculated according to

. f(0) = N 'exgd A,P,(cos6) + A,P,(cos0)] (6)

(P, = | (sin6)f(0)P,(cosh)do 3)

o where A, and A, are constants determined by simultaneous solution of
equations foKP,) and(P,) according to Eq. 3, anl is the normalization
constant determined according to Eq. 5b.

which follows from the fact that the Legendre polynomials are orthogonal. A large number of factors, including changes in phospholipid acyl chain

For measurements on macroscopically isotropic systems, such as vesjomposition (Straume and Litman, 1987a,b; van Ginkel et al., 1989; Wang
cle suspensions, only the first two order paramet@s, and(P,), can be  etal., 1991), have been shown to afté). One of the primary goals of this
extracted from the experimental data because of the symmetry of the dipolstudy is to assess the extent to which acyl chain unsaturation alters acyl
transition. The Brownian rotational diffusion (BRD) model relates the chain packing. In this context it is useful to calculate a single parameter that
order parameteré,) and(P,), the diffusion coefficient of the symmetry corresponds to the extent to which the equilibrium orientational freedom of
axis of the moleculeD |, andr, to the observed anisotropy decay accord- DPH is restricted by the phospholipid acyl chains. Straume and Litman
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(1987a) have formulated such a parametgrwhich is defined by RESULTS AND DISCUSSION
1 Fluorescence lifetimes
b= 2 X T(0) max (7) Total fluorescence decay data for all bilayer compositions

and temperatures were analyzed with a Lorentzian distribu-
whenf (6) is defined as a normalized distribution according to Eq. 5b. Intjion. The distribution centers,, given in Table 1, show the
the present study a new, more direct comparisoifi(6f and a random variation in DPH total intensity decay induced by changes
distribution was formulated. The paramefg}, 4o is the overlap of the . . L "
orientational probability distributiorf,(6) sin 6, and a random orientational in temperature and b"aYer phosphollp|d_composmp_n. The
distribution, f,,..(6) sin 6: effect of temperature varied with acyl chain composition. In

di-22:6 PC,7. decreased by only 0.4 ns as the temperature

o changed from 10 to 40°C, whereas in 16:0, 18:1 PC, this
frandom= 1 zf f(0) — (0),anq/SIN 6 dO (8) temperature change loweregdby more than 1.5 ns. Table
0 1 also shows that the value gfdepends strongly on bilayer
composition and is generally smaller with increased unsat-
wheref,, (6) is given by Eq. 6, with, = A, = 0. uration, with the three symmetrically unsaturated species

This parameter has the advantage that it results from a direct compahaving smaller values of,. than the species with one or
ison with a random orientational distribution over the entire angular ranggnore saturated chains. For each bilayer compositign,
from O to m, rather than depending upon the maximum valu&(6j over decreases with temperature which is consistent with the
that range. The ability of ,.qomandf, to provide information regarding . . ! . . . A
alterations in the orientational freedom of DPH due to changes in temper00Served increase in water penetration into the bilayer with
ature and acyl chain composition were compared. increasing temperature (Bernsdorff et al., 1997). The large

All analysis of differential polarization data was performed with NON- jsothermal variation inr. with bilayer composition is con-
LIN (Dr. Michael Johnson, Pharmacology Department, University of Vir- istent with recent measurements which showed that water
ginia Health Sciences Center, Charlottesville, VA), which uses a modifiedS L . . .

Gauss-Newton nonlinear least-squares algorithm (Straume et al., 199P€netration into the bilayer increases in the order 18:0,18:1
Johnson and Faunt, 1992), with subroutines specifying the fitting functionPC < 18:0,22:6 PC< di-22:6 PC, and the water perme-
written by the authors. NONLIN accounts for all higher order correlationsab”ity coefficient for di-22:6 PC is~6 times greater than
that may exist between fitting parameters when confidence intervals arehat for 18:0,18:1 PC (Huster et al., 1997)_

determined. The NONLIN software package allows the user to include a h ibl f the | L inwith
subroutine that calculates the most probable values and asymmetrical #\NOther possible cause of the large variationrinwit

confidence intervals of quantities that are calculated from the designatetemperature and composition is the dependence of mem-
fitting parameters. Use of this subroutine ensures the accurate propagatidsvane probe fluorescence lifetime on probe orientational
of confidence intervals when derived parameters are calculated from fittingbrder and the index of refraction of the bilayer (Toptygin et
parameters, for example, when calculatiggand f,,nqom ASymmetrical . .

confidence intervals equivalent to one standard deviation were obtained fo@l" 1992; TOpj[yg.In and Brelmd’ 1‘993)' The dependence of
both fitting variables and derived parameters. The valugg ogported in  fluorescence lifetime on orientational order could account
Table 2 for the analysis of the differential polarization data are weightingfor some of the temperature-dependent variation.itwith
factor corrected values. These were obtained by dividing the valyé of an index of refraction of 1.425 for the bilayer (Toptygin and

obtained with ga}ch analy'tlcal model by the ygluexéfobFamed with the Brand, 1993), the relationships of Toptygin and Brand
very best empirical solution. The best empirical solution was a sum-of-

three-exponentials model, as this provided a significant improvemeitin  (1993) show that a decreaS'?(l@) from 0.4 to 0.25 would
over a sum-of-two-exponentials model for some bilayer compositions. decrease the fluorescence lifetime by less than 0.2 ns; thus

TABLE 1 Centers, 7.,* and widths, w,* of Lorentzian distributions of DPH fluorescence intensity decay

Phospholipid 10°C 20°C 30°C 40°C
di-22:6n3 PC Te 6.79+ 0.10 6.58+ 0.13 6.50+ 0.10 6.41+ 0.12
w 1.79+ 0.16 1.69+ 0.21 1.60x 0.21 1.84+ 0.23
di-20:4n6 PC Te 7.92+0.12 7.63*+ 0.08 7.59*+ 0.19 7.13+ 0.10
w 2.22+0.08 181+ 0.16 1.34+ 0.22 1.68+ 0.20
di-18:1n9 PC Te 8.0+ 0.10 7.71* 0.08 7.34x 0.08 6.94* 0.08
w 0.38+ 0.05 0.17+ 0.08 0.40+ 0.20 0.71+ 0.10
16:0,22:6n3 PC Te 8.57+ 0.06 8.32+ 0.16 7.95+ 0.09 7.41+ 0.08
w 0.27% 0.02 0.37+ 0.10 0.49+ 0.04 0.81* 0.09
16:0, 20:4n6 PC Te 8.51+0.21 8.23+ 0.23 7.76*+ 0.08 7.7+ 0.07
w 0.81+ 0.18 0.79+ 0.29 1.03+ 0.25 158+ 0.21
16:0, 18:1n9 PC Te 9.62* 0.18 9.20+ 0.09 8.64* 0.12 8.10= 0.10
w 0.40+ 0.40 0.61+ 0.25 0.78+ 0.20 0.93+ 0.24
di-14:0 PC Te —# — 8.85+ 0.10 7.85+ 0.08
w 0.27*= 0.04 0.21* 0.06

*Units of nanoseconds (ns).
#Not measured.
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changes in orientational order could account for 10—20% o#nisotropy at infinite time (Eq. 1), with, globally linked.

the temperature-induced variation i It is conceivable The values ofy? obtained by this global analysis demon-
that the variation int. with lipid composition could be strate that Eq. 1 provides a good, empirical description of
related to changes in index of refraction; for example, thehe decay of DPH fluorescence anisotropy in all of the
index of refraction of arachidonic acid is 1.482 and that ofbilayer compositions studied, as shown in Table 2. Al-
myristic acid is 1.4305. The relationships of Toptygin andthough two rotational correlation times were required for an
Brand (1993) show that witkP,) = 0.3 this difference in adequate description of all anisotropy decay data, there is no
index of refraction would lead toafor di-14:0 PC~0.5ns  physical basis for assigning a particular meaning to the
shorter than that for di-20:4 PC; however, the measuged individual rotational correlation times. Therefore, changes
for di-14:0 PC is 0.7-1.3 ns longer than that for di-20:4 PC.in total rotational rates of DPH were compared in terms of
These calculations underline the importance of water penthe average rotational correlation tifyg), defined ag¢) =
etration in determining the fluorescence lifetime of hydro-(B8,¢, + B,d,)/(r, — r..). In all phospholipid compositions
phobic bilayer probes and further suggest that the range dfcreasing temperature reduc&b), and this effect is most
values ofr. shown in Table 1 is most likely due to bilayer pronounced in the species with one or more saturated acyl
composition and temperature-induced changes in watethains (Fig. 2). The effect of this trend is that thel ns
penetration. variation in{¢) found among all species at 10°C is reduced

The widths of the lifetime distributionsy, also vary with  to ~1 ns at 40°C. One striking aspect of Fig. 2 is the
temperature and composition. The valuesvdall into two  essentially identical values ¢b) for 16:0, 18:1 PC, di-18:1
general categories, witli greater than 1.5 ns for di-22:6 PC PC, and di-14:0 PC over the temperature range from 10°C
and di-20:4 PC, whereasgis generally less than 1 ns for all to 40°C. This similarity indicates that a double bond at the
other phospholipids. The width of the lifetime distribution is ¢9 position of thesn-2 chain or both chains has only a small
indicative of the relative homogeneity of the bilayer envi- effect on DPH rotational dynamics in the LC phase. Addi-
ronment of the probe molecule (Bernsdorff et al., 1997). Ational unsaturation of then-2 chain, or both chains, to the
positive correlation betweew and environmental hetero- level of 20:4n6 and 22:6n3 progressively increases DPH
geneity is reflected in the increase vm with increasing rotational rates. The two dipolyunsaturated species had the
temperature observed for most of the phospholipids. Comlowest values of¢). The effect of acyl chain unsaturation
parison of the values ok in Table 1, especially those for on DPH rotational rates indicates that in the LC state high
10°C, show that DPH in the two dipolyunsaturated phos{evels of unsaturation are necessary to cause an appreciable
pholipids experiences the highest level of environmentatleparture from the behavior observed in a disaturated phos-
heterogeneity. The values wfin Table 1 indicate that DPH pholipid. In particular, unsaturation of both acyl chains with
in the two dipolyunsaturated species at 10°C experiences & single c9cis double bond does not produce a bilayer
greater degree of environmental heterogeneity than DPH ienvironment that affords DPH as much rotational mobility
any of the other species at 40°C. as high levels of polyunsaturation at only tke2 acyl
chain.

Although the sum-of-exponentials model provided a sta-
tistically valid description of the data, this model is rather
The DPH differential polarization data obtained at all four unsatisfactory because it furnishes no information regarding
temperatures were simultaneously globally analyzed irthe degree of orientational constraint imposed upon DPH by
terms of a sum of two exponential decays plus the residuahe surrounding matrix of phospholipid acyl chains. There-

Anisotropy decays

TABLE 2 Global analysis of differential polarization data: values of r, and x?

Sum of two Wobble-in-cone BRD model, high BRD model, low

Phospholipid exponentialst r., model (P,) solution (P,) solution

di-22:6n3 ro 0.339 (0.005, 0.005) 0.317 (0.004, 0.004) 0.352 (0.009, 0.011) 0.354 (0.01, 0.012)
X 1.13 2.71 1.16 1.27

di-20:4n6 o 0.342 (0.002, 0.003) 0.332 (0.003, 0.003) 0.306 (0.003, 0.003) 0.307 (0.002, 0.002)
X 1.63 211 1.06 1.05

di-18:1n9 ro 0.376 (0.003, 0.003) 0.338 (0.004, 0.005) 0.361 (0.003, 0.003) 0.362 (0.003, 0.003)
X’ 1.31 6.52 1.25 1.19

16:0, 22:6n3 ro 0.334 (0.003, 0.003) 0.312 (0.005, 0.005) 0.339 (0.005, 0.006) 0.341 (0.006, 0.007)
X 1.13 10.2 1.21 1.79

16:0, 20:4n6 o 0.364 (0.004, 0.004) 0.340 (0.003, 0.004) 0.359 (0.003, 0.003) 0.359 (0.003, 0.003)
X 1.07 9.79 1.40 1.29

16:0, 18:1n9 ro 0.357 (0.005, 0.005) 0.328 (0.004, 0.004) 0.355 (0.004, 0.005) 0.358 (0.004, 0.005)
X’ 1.02 9.82 1.12 1.07

di-14:0 ro 0.353 (0.008, 0.009) 0.308 (0.004, 0.004) 0.347 (0.008, 0.009) 0.342 (0.006, 0.006)
X 1.03 4.23 1.06 1.28
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been used by previous investigators (Straume and Litman,
6l 1987a,b) were also examined, but higher fixed values, of
resulted in even higher values gf. It was not possible to
accurately model the anisotropy decay of DPH in these
phospholipid bilayers using a single, fixed valuergf

A number of studies have presented strong evidence that
the value ofr, for DPH depends upon its environment
(Lentz, 1993). This environmental dependence is not strictly
a function of phospholipid bilayer composition, as Best et
al. (1987) report, = 0.385 for DPH in glycerol and, =
2| 0.35 for DPH in paraffin. The environmental dependence
reported for DPH in phospholipid bilayers is even greater.
Studies in which more than one bilayer composition was
examined have reported valuesrgffrom 0.28 to 0.30 (van
Langen et al., 1987b), from 0.318 to 0.341 (Wang et al.,

<¢>, ns
w

0 10 2 20 w0 50 50 1991), and from 0.30 to 0.34 (Muller et gl., 1995). Thus' the
range of values of, shown in Table 2 is consistent with
temperature, °C other reports in the literature. One possible source of the

variation inr, could be very rapid, unresolved, motion(s) of
Zﬂ'f?UR'f. |2 IAV?fatg_e fg“:“‘?n?' Co"e]'f:gon time(?g, from ana'{SiISdOf DPH (Chen et al., 1977). However, this mechanism would
o e a1 5 P s e s o S, predict a decrease i with ncreased temperature, and no
22:6 PC:A, 16:0, 20:4 PC[], 16:0, 18:1 PC:#, di-14:0 PC. correlation between temperature agavas observed in the

results of the unlinked, single-temperature analyses. The

most likely source of the variation in, with bilayer com-
fore all differential polarization data were analyzed in termsposition is a combination of the factors cited by Muller et al.
of the wobbling-in-cone model and the BRD model. The(1996), which could alter the angle between the absorption
wobbling-in-cone model has been used by a number o&nd emission dipoles. These include variation in lipid hy-
investigators to describe the decay of DPH fluorescencdration (van Langen et al., 1987a) and alteration of the
anisotropy in phospholipid bilayers (Lentz, 1993). All an- energy levels of DPH by its environment (Itoh and Kohler,
isotropy data were fit with this model via global analysis of 1987).
data at all four temperatures wity globally linked. This A thorough examination of the error surfaces of each
analysis produced values gf ranging from 2.1 to over 10, phospholipid composition determined that for all composi-
as shown in Table 2. Values gf were not improved by tions there are two solutions to the BRD model, as shown in
using the sum of two exponentials to characterize the decayable 2. Some of the resulting values(Bf,) are quite small,
of total fluorescence intensity, rather than one exponentiabut positive; thus these two solutions are referred to as the
decay plus a Lorentzian distribution. These valuesydf “high (P,)” and “low (P,)” solutions.F tests of the signif-
were 2—-8 times higher than those of both the sum oicance of the differences ig? for the two solutions showed
exponentials model and the BRD model; therefore the wobthat the high(P,) solution was statistically more accurate
bling-in-cone model was not considered an adequate dgp < 0.04) for di-14:0 PC and 16:0, 22:6n3 PC, but for all
scription of the experimental data. other phospholipid compositions the two solutions are sta-

The BRD model was fit to all differential polarization tistically equivalent § > 0.3). Two statistically equivalent

data, utilizing three different analytical procedures: 1) datasolutions to the BRD model for DPH in phospholipid bi-
for a single temperature analyzed with all four fitting pa- layers have been reported by several other investigators
rameters(P,), (P,), D |, andr,) unlinked; 2) data at all four (van Langen et al., 1987b, 1989; van Ginkel et al., 1989;
temperatures for each phospholipid composition analyze@lVang et al., 1991).
simultaneously wittr, globally linked; 3)r,, fixed at 0.38. Although these two solutions are equivalent in terms of
The effects on(P,), (P,), andD, of these three different their ability to accurately model the anisotropy data, they
treatments of , were essentially the same as those reportedead to very different descriptions of the behavior of DPH in
by Wang et al. (1991), who made a similar comparison in ahese phospholipid bilayers. The Id®,) solution leads to
study involving a smaller number of phospholipid speciesvalues ofr, and D, that are 5-10% higher than the high
across a larger range of temperatures. Global analysis sigP,) solution. However, the significant difference between
nificantly reduced the error estimates for all parametersthe solutions is the resulting orientation distribution func-
relative to the results of the single temperature analysigtion, f(6). Examples of these differences are shown in the
Fixing the value of, at 0.38 in the global analysis resulted orientational distribution functions for both solutions for
in values of x* that were substantially higher than those 16:0, 18:1n9 PC at 10°C and 40°C in Fig. 3. The distribu-
obtained whenr, was a free, globally linked parameter tion functionsf(6), plotted in Fig. 3 are normalized accord-
(results not shown). Values of greater than 0.38 that have ing to [f(6) sin 6 d6 = 1 (Eq. 5b); thus the higher the value
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FIGURE 4 Orientational probability functions for 16:0, 18:1 PC at 40°C,
corresponding to the loWP,) solution to the BRD model (——) and the
of f(0) at 6 = 0, the greater the area under the curve. Thehigh(P,) solution to the BRD modet(- - -). (A) f (6) sin(6). (B) Difference
pairs of distribution functions in Fig. 3 show that an increaseetweenf(6) sin(9) and a random distributiorf.(6) sin(®) — frandon(0)
in temperature from 10°C to 40°C has some similar effect$™®"
on both types of distributions; the distributions broaden, and
the fraction of molecules oriented at large angles from the
bilayer normal increases. The net effect of increased tenference between the two distributions in Fig.Adand a
perature for the lowP,) solutions (Fig. 34) is a shift of the  random orientational distribution, as shown in Fig.B4
broad distribution peak away from the bilayer normal, Areas below the zero line correspond to angular orientations
whereas for the higkP,) solutions (Fig. 3B) it is a redis-  that DPH is excluded from by the phospholipid acyl chains,
tribution from orientations about the bilayer normal to ori- whereas areas above the zero line denote angular orienta-
entations approximately parallel to the plane of the bilayertions of DPH that the acyl chains preferentially allow.
The probability density centered at 90° from the bilayerAccording to the low(P,) solution &olid line), the net effect
normal is interpreted as corresponding to the presence daf the matrix of acyl chains is to reduce angular orientations
DPH in the bilayer midplane, between the two monolayerbetween 60° and 90°, relative to a random distribution, and
leaflets. redistribute them into a broad peak betweeh0° and 59°.

A more informative comparison of these two types of According to the lowKP,) solution, the probability of DPH
distributions is facilitated by comparing the orientational being aligned near the bilayer normal is approximately
probability distributionsf (6) sin 6. The orientational prob- equal to that found in a random distribution. In contrast, the
ability distributions for the high and loP,) solutions for  high (P,) solution dotted ling portrays the effect of the
DPH in 16:0, 18:1n9 PC at 40°C (Fig.A) show the sharp acyl chain environment as a reduction in angular orienta-
contrast between these two solutions. The KR solution  tions between 28° and 78°, with about two-thirds of this
has two narrow peaks, one near the bilayer normal and thprobability density transferred to orientations between 0°
other parallel to the plane of the bilayer. In contrast, the lowand 27°, and the balance transferred to orientations between
(P,) solution has a single broad peak centered45° from  79° and 90°.
the bilayer normal. One of the central questions in this type The high and lowP,) solutions lead to fundamentally
of investigation has always been, how does the environmerttifferent pictures of the phospholipid bilayer. The IdR;)
of the phospholipid bilayer alter the orientational distribu- solution portrays the bilayer as an environment that does not
tion of the probe molecule from a random distribution? Inallow a free-tumbling cylinder to be oriented parallel to the
this context it is instructive to compare the arithmetic dif- bilayer surface or the phospholipid acyl chains, and favors
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angular orientations around 45°. The high,) solution low (P,) solution, where the bilayer reduces the probability
depicts the bilayer as an environment that limits orientation®f this type of orientation below that encountered in a
around 45° and enhances angular orientations near the hiandom distribution. In addition, x-ray diffraction measure-
layer normal and parallel to the bilayer surface. These twanents (Grell, 1981) indicate that if DPH interdigitates be-
very dissimilar orientational distribution functions are both tween the lipid acyl chains, the resulting orientational dis-
model-dependent in that they result from the particulartribution of DPH must include a large component oriented
formulation of the BRD model (Eqg. 4) and the choicd ()  about the bilayer normal. Finally, the bimodal distribution
(Eg. 6). Best et al. (1987) observed that the type of bimodatesulting from the highP,) solution is consistent with the
distribution corresponding to the higl,) solution could orientational distribution obtained from angle-resolved an-
result from approximating the full distribution function (Eq. isotropy measurements on oriented bilayer systems (van
2) with a function including onlyP,) and{P,), and inclu- Langen et al., 1987b; Deinum et al., 1988; Levine and van
sion of (Pg) could theoretically produce a minimum fi§0) Ginkel, 1994). For these reasons we conclude that the high
at 6 = 90°. However, Pottel et al. (1986) found that a (P,) solution is the more physically reasonable solution, and
distribution function that include@g(cos ) was unable to it will be used as the basis for analyzing the effects of
adequately describe DPH anisotropy decays in LC phastemperature and acyl chain unsaturation on the equilibrium
bilayers. orientational distribution of DPH in the bilayer.

Information about the lipid bilayer from other physical
techniques suggests that the bimodal orientational distribu-
tion correspondlng to the higkP,) golutlon prowdes.an Effect of unsaturation on the equilibrium
accurate picture of the hydrophobic core of the bilayer.” . . e

: rientational distribution of DPH

Numerous deuterium NMR measurements have shown that
the terminal six to eight carbon-carbon bonds of a saturate@he results of global analysis of all phospholipid bilayer
phospholipid acyl chain have the greatest degree of flexicompositions in terms of the higi®,) solution to the BRD
bility or conformational freedom (Lefleur et al., 1989). Thus model are presented in Table 3. The value®gfin Table
the bilayer midplane may be visualized as a layer 12 to 18 summarize the effects of temperature and acyl chain
carbon-carbon bonds thick, where the acyl chain conformadnsaturation on DPH motional properties within the context
tional degrees of freedom are the greatest, and DPH couldf the BRD model. The temperature-induced changés in
orient itself at large angles from the bilayer normal. Thisare very similar to those observed f@s) in Fig. 2, withD |
picture is difficult to reconcile with the one presented by thealtered by a factor of at least 2.5 as the temperature rises

TABLE 3 Results of global analysis using the high (P,) solution to the BRD model

Lipid °C (P, (P D, (nsh
di-22:6 PC 10 0.247 (0.016, 0.015) 0.345 (0.024, 0.027) 0.222 (0.025, 0.031)
20 0.234 (0.012,0.012) 0.303 (0.023, 0.026) 0.305 (0.029, 0.036)
30 0.209 (0.013, 0.013) 0.288 (0.021, 0.023) 0.397 (0.034, 0.043)
40 0.204 (0.012,0.012) 0.258 (0.025, 0.024) 0.568 (0.045, 0.057)
di-20:4 PC 10 0.206 (0.026, 0.031) 0.237 (0.024, 0.023) 0.105 (0.004, 0.004)
20 0.162 (0.021, 0.024) 0.211 (0.023, 0.022) 0.173 (0.006, 0.006)
30 0.124 (0.029, 0.025) 0.206 (0.019, 0.019) 0.263 (0.009, 0.010)
40 0.151 (0.023, 0.020) 0.173 (0.038, 0.032) 0.357 (0.011, 0.012)
di-18:1 PC 10 0.269 (0.039, 0.042) 0.417 (0.006, 0.008) 0.054 (0.003, 0.003)
20 0.183 (0.035, 0.020) 0.389 (0.005, 0.008) 0.096 (0.005, 0.005)
30 0.209 (0.023, 0.013) 0.365 (.0004, 0.008) 0.151 (0.006, 0.006)
40 0.222 (0.019, 0.017) 0.339 (0.013, 0.012) 0.226 (0.008, 0.009)
16:0, 22:6 PC 10 0.368 (0.011, 0.010) 0.418 (0.015, 0.016) 0.129 (0.010, 0.012)
20 0.284 (0.014, 0.017) 0.365 (0.015, 0.017) 0.165 (0.011, 0.013)
30 0.271 (0.010, 0.010) 0.341 (0.012, 0.014) 0.298 (0.017, 0.021)
40 0.291 (0.006, 0.006) 0.297 (0.011, 0.013) 0.359 (0.016, 0.020)
16:0, 20:4 PC 10 0.199 (0.007, 0.007) 0.407 (0.006, 0.012) 0.082 (0.007, 0.007)
20 0.188 (0.057, 0.029) 0.356 (0.008, 0.013) 0.135 (0.009, 0.009)
30 0.190 (0.022, 0.021) 0.342 (0.007, 0.012) 0.201 (0.012, 0.012)
40 0.179 (0.012, 0.013) 0.309 (0.007, 0.012) 0.290 (0.014, 0.014)
16:0, 18:1 PC 10 0.414 (0.024, 0.022) 0.484 (0.007, 0.014) 0.056 (0.005, 0.005)
20 0.346 (0.013, 0.013) 0.372(0.008, 0.011) 0.096 (0.007, 0.007)
30 0.262 (0.013, 0.012) 0.372 (0.008, 0.011) 0.156 (0.010, 0.010)
40 0.226 (0.014, 0.010) 0.356 (0.007, 0.012) 0.234 (0.014, 0.014)
di-14:0 30 0.492 (0.010, 0.008) 0.449 (0.021, 0.023) 0.112 (0.015, 0.018)
40 0.392 (0.007, 0.007) 0.405 (0.018, 0.020) 0.210 (0.023, 0.028)
47 0.372 (0.007, 0.007) 0.395 (0.018, 0.020) 0.272 (0.029, 0.036)
55 0.336 (0.035, 0.043) 0.362 (0.018, 0.020) 0.366 (0.036, 0.043)
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from 10°C to 40°C. As observed fdp), D, in 16:0, 18:1

PC and di-18:1 PC has the steepest temperature dependence
and reflects the slowest motion of the unsaturated PCs,
whereas for di-22:6 P@) , has the shallowest temperature 0.01 /
dependence and reflects the fastest motion. The variation in / \

D, with bilayer composition at 40°C divides DPH motion i \

into four basic groups, with motion increasing in the order :
di-14:0 PC; 16:0, 18:1 PC; di-18:1 P€ 16:0, 20:4 PC; \
16:0, 22:6 PC< di-20:4 PC< di-22:6 PC. This is very
similar to the grouping fof¢) observed in Fig. 2.

The significance of the changes(R,) and(P,) given in
Table 3 are most easily understood in the context of the
orientational probability distribution$(6) sin 6. The defin- 0.01 ~N /
ing feature of the higkP,) solution of the BRD model is the / d
existence of a bimodal orientational distribution for DPH in /

a phospholipid bilayer. Changes in the relative width and
peak height of these two populations provide a significant / \ ------- . /

basis for comparing the differences in the equilibrium ori- ~—

entation of DPH due to changes in acyl chain composition. 0.00 L L r ' L .
The orientational probability distributions for di-14:0 PC 0.010
and the mixed-chain PCs at 40°C in FigAShow the range

of changes in the two DPH orientational populations in-

duced by progressive unsaturation of the acyl chain at the
sn2 position. The fractional population associated with the

0.00 L L L L L !

f(8)sin(e)
w

0.005

bilayer normal decreases in the order di-14:0 PC6:0, g 0.000
18:1 PC> 16:0, 22:6 PC> 16:0, 20:4 PC. In 16:0, 22:6 PC )=
the widths of the distributions are the greatest among the o
mixed-chain species, as indicated by the significant proba- E 0005
bility density between 30° and 60° in this phospholipid, and C  oom0
the narrowest distributions are found in 16:0, 18:1 PC. A

In general the three mixed-chain PCs in Figh Besemble o
each other more than they resemble the distributions for the % 0.005
symmetrically unsaturated PCs shown in FigB5Close o /
examination of Fig. 5A andB, shows that the effect of each < 0.000 -
unsaturated chain, 18:1n9, 20:4n6, and 22:6n9, is similar in
the sn1 saturated species and diunsaturated species. The 0,005

16:0, 18:1 PC and di-18:1 PQGlgshed linesproduce the
largest population associated with the bilayer normal. At the
other extreme, 16:0, 20:4 PC and di-20:4 Riot{ed line} degrees from bilayer normal
produce the lowest populations oriented near the bilayer
normal, Whereas :!'6:0' 22:6 PC and dl',22:6 Cﬂld Ilnes) . FIGURE 5 Oirientational probability distributions for all phospholipid
produce intermediate values. The relatively large probabilyjjayers at 40°C.4) Probability distributions for di-14:0 PC (—), 16:0,
ities for angular orientations between 30° and 60° for di-18:1 PC (- — -), 16:0, 20:4 PG~{), and 16:0, 22:6 PC (—).B)
20:4 PC and di-22:6 PC indicate that in both of theseProbability distributions for di-18:1 PC (— — —), di-20:4 P&, di-22:6
i ; ; ; C (—). ©) f(6) sin(®) — f,angon(6) sin(®) for the compositions shown

D ot Bl s o sl (11040050 comire
over a broad angular range. Comparison of Fi§.@nd Fig.
5 B clearly shows that progressive unsaturation of both acyl
chains has a more pronounced effect on the orientationalistributions in Fig. 5A andB. The curves in Fig. 5C and
distribution than progressive unsaturation of #m2 chain D, show that bilayers formed from the various phospholip-
alone. ids transfer probability density from angular orientations

To assess the extent to which each bilayer restricts thbetween~30° and 75° to orientations less than 30° to
orientational distribution of DPH, the orientational proba- varying degrees. In di-14:0 PC, essentially all of the angular
bility distributions for all compositions were compared to a orientations greater than 30° are suppressed, whereas in the
random orientational distribution, as shown in FigCsand  other phospholipids there is an enhancement above that
D. The curves in these two panels are the result of subtracfeund in a random distribution at angular orientations near
ing a random probability distribution from the probability 90°. The curve for di-18:1 PC in Fig. B is very similar to
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the curves for the mixed-chain PCs in FigCan terms of ~ 18:1n9. At the other extreme, replacement of 16:0 with
the magnitude of the enhancement of the distribution at 1520:4n6 in 16:0, 20:4 PC causes-aB0% increase ifi,nqom
and the restriction of the distribution in the intermediateThe very high values of, . 4om for DPH in di-20:4 PC
angular range. The three curves in Fid Slearly show that indicate that bilayers formed from this phospholipid are
the probability distributions tend toward a random distribu-minimally restrictive with respect to the equilibrium angular
tion going from di-18:1 PC to di-22:6 PC to di-20:4 PC. orientation of DPH. Bilayers formed from di-22:6 PC also
The differences between the various probability distribu-provide a much lower level of orientational restraint than
tions in Fig. 5 demonstrate that the phospholipid acyl chainshe polyunsaturated mixed-chain species. However, the in-
cause the DPH orientational distribution to be nonrandom ircrease irf, 4,4omUpPON going from 16:0, 22:6 PC to di-22:6
a number of different ways. To quantify the degree ofPC is much less than the increase observed upon going from
orientational restraint imposed by the acyl chains, the pai6:0, 20:4 PC to di-20:4 PC. The large differencé ifgom
rameterd, andf ,,qomWere calculated as described in the between the two dipolyunsaturated species suggests that
Experimental Procedures. These parameters facilitate contihkere are significant differences in chain-chain interactions
parison of acyl chain compositions in terms of the extent tdbetween n6 and n3 polyunsaturates.
which a particular orientational probability distribution is  Previous studies in this laboratory have used the param-
nonrandom, without regard to the particular details thateterf, to characterize overall equilibrium ordering experi-
make it nonrandom. enced by DPH in a phospholipid bilayer (Straume and
Across the entire temperature randg, o divides the  Litman, 1987a,b, 1988). Further studies have demonstrated
ability of the phospholipids to restrict the equilibrium an- thatf, reflects important bilayer properties that depend upon
gular orientation of DPH into several broad groups, ashilayer composition and alter the functional efficacy of the
shown in Fig. 6. The low values df,,qomfor di-14:0 PC G protein-coupled receptor rhodopsin (Mitchell et al., 1990,
demonstrate the extent to which orientational distributionsl992; Litman and Mitchell, 1996). Therefore, it is of interest
in a phospholipid with two saturated acyl chains are reto comparef, with the overlap betweef(6) sin 6 and a
stricted relative to unsaturated phospholipids. The next mosandom distribution for the large number of acyl composi-
restrictive group indicated in Fig. 6 consists of the threetions and temperatures considered in this study. Fig. 7
mixed-chain PCs and di-18:1 PC. The difference betweemshows that for each acyl chain composition, variation in
the values of,,,q4omfor 16:0, 20:4 PC and 16:0, 22:6 PC are temperature produces a nearly linear relationship betdyeen
only significant at 40°C, but both have significantly higher andf,,.qom The clear correlation between these two param-
values off,,,qomthan the two 18:1-containing species. It is eters over the range shown in Fig. 7 demonstrates that the
somewhat surprising that di-18:1 PC is fairly similar to maximum value off(6) is an accurate measure of the
16:0, 18:1 PC, indicating that the angular orientationaloverlap off (6) sin 6 and a random orientational distribution.
freedom of DPH is restricted about equally by a 16:0 chainFor bimodal distribution functions of the type resulting from
or a 18:1n9 chain at then1 position if thesn2 chain is  the high(P,) solution to the BRD model, the maximum
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FIGURE 6 Values of the parametgy, 4o,mas a function of temperature FIGURE 7 Comparison of..4.mandf, for all phospholipid species,
for all phospholipid bilayersf, ,,qomWas calculated according to Eq.@, was calculated according to Eq. 7, ahg.mWas calculated according to
di-22:6 PC;A, di-20:4 PCH, di-18:1 PC,O, 16:0, 22:6 PCA, 16:0, 20:4 Eq. 8.@, di-22:6 PC;A, di-20:4 PCH, di-18:1 PC;0, 16:0, 22:6 PCA,
PC; L], 16:0, 18:1 PC;#, di-14:0 PC. 16:0, 20:4 PC[], 16:0, 18:1 PC;#, di-14:0 PC.
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value off (6) will be at6 = 0; thus calculation of, is simple 0.30
and straightforward once the normalized distribution func-
tion is obtained.

Many previous studies that have analyzed DPH dynamic 0.25
anisotropy in terms of either a simple exponential decay or
the wobble-in-cone model have interpreted the residual an-
isotropy,r.., as indicating the extent to which the orientation 0.20 |
of DPH is restricted in the bilayer. In this context it is of
interest to compare, andf,. A plot of r,, determined by a
fit of a double-exponential function (Eqg. 1) to the data, as a 0.18 |
function of temperature for all compositions (Fig. 8), sug-
gests a much different grouping of the acyl chain composi-
tions in terms of orientational constraint than was indicated 0.10 |
by the analysis of the orientational distribution functions.
As in the previous analysis, di-20:4 PC provides the least . . . .
orientational constraint on DPH, and di-14:0 PC provides 0.00 0.02 0.04 0.06 0.08
the greatest orientational constraint. However, the ordering
of the other phospholipids is much different, with 16:0, 20:4
PC, di-18:1 PC, and di-22:6 PC having about the SaMe|GURE 9 The relationship betweefy and r., for all phospholipid
values ofr., at 30°C and 40°C, whereas 16:0, 22:6 PC hasilayers at all temperature®, di-22:6 PC;A, di-20:4 PC/M, di-18:1 PC;
about the same value as 16:0, 18:1 PC. 0, 16:0, 22:6 PCA, 16:0, 20:4 PC[], 16:0, 18:1 PC;#, di-14:0 PC.

A direct comparison of, andr_, (Fig. 9) demonstrates the
similarities and differences between these two parameters.

Both parameters are sensitive to changes in temperature for . . . . . .
; . : e ..~ conditions varied widely. These differences are most likely
DPH in the more orientationally restrictive phospholipids,

di-14:0 PC and 16:0, 18:1 PC. However, in the least restrica[€ 10 the fact that,.is related only taP,) (van der Meer

tive phospholipids, di-22:6 PC and di-20:4 PC,is only et al., 1984; Szabo, 1984), wherefgsiepends upon both

minimally different between 10°C and 40°C, wherdas (-2 nd (P. Inspection of Table 3 shows that for the

o ospholipids wherg, has a greater sensitivity to temper-
changes by almost 50%. These two parameters also repOZFure thanr., di-22:6 PC and di-20:4 PC, temperature

very different effects of acyl chain composition on orienta- ; )

. . : . causes a bigger change {R,) than in(P,), whereas the
tional constraint. Nearly identical values iof are observed opposite is tue for dinld:0 PC and 16:0. 181 PC. The
for di-20:4 PC at 10°C, and di-22:6 PC and di-18:1 PC at pp ) R '

R . varying relationships between andf, in Fig. 9 may reflect
40°C. However, the values &f under these three different the differential effects of temperature @R,) and (P.) in

these phospholipids. Using, as a single parameter to
assess relative orientational order may be equivalent to
truncating the series in Eq. 2 after only two terms, whereas
f, includes the information about the orientational distribu-
tion contained in the first three terms of the series of
Legendre polynomials.

e

0.08 |-

0.06 |

CONCLUSIONS

It is well established that the composition of phospholipid
bilayers can greatly alter their functional efficacy. In addi-
tion, the phospholipid component of most biological mem-
branes consists of a complicated mixture of different phos-
pholipid headgroups and acyl chain composition. In many
biological membranes an appreciable fraction of this mix-
ture consists of phospholipids with highly polyunsaturated
acyl chains. It has been proposed that one function of these
temperature, °C highly unsaturated species may be to facilitate the formation
of lateral domains (Litman et al., 1991; Kariel et al., 1991;
FIGURE 8 Values of the residual anisotropy, as a function of tem- Zerouga et al., 1995). If such a mechanism does operate in

perature. Values of,, were determined via analysis of the differential biological b it will be i tant t derstand th
polarization data with the sum of two exponential decays (Eq.@L). lological membranes, itwill be Important to understan e

di-22:6 PC:A, di-20:4 PCHll, di-18:1 PCO, 16:0, 22:6 PCp, 16:0, 20:4  Physical properties of the resulting domains, which are rich
PC;[], 16:0, 18:1 PC;#, di-14:0 PC. in highly polyunsaturated acyl chains.
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The present work shows that at the levels of unsaturatiotthe bilayer normal provide information about ensemble acyl
considered to be necessary for lateral domain formationchain packing in the region adjacent to the interfacial re-
four or more double bonds, all of the bilayer properties thatgion. The result is an analysis of acyl chain packing
affect DPH lifetime, dynamics, and equilibrium orienta- throughout the depth of the bilayer that complements the
tional distribution have undergone enormous changes reldnformation regarding intrachain order from deuterium
tive to such properties observed in saturated or monounsaNMR.
urated phospholipids. In addition, these results show that the
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