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Abstract: Polyunsaturated phospholipids of the w-3 and w-6 classes play key roles in cellular functions,
yet their mechanisms of biological action are still a matter of debate. Using deuterium (?H) NMR spectroscopy
and small-angle X-ray diffraction, we show how membrane properties are modified by docosahexaenoic
(DHA; 22:6) and arachidonic (AA; 20:4) acyl chains of the w-3 and the w-6 families, respectively. Structural
and dynamical differences due to polyunsaturation are evident in both the ordered and disordered phases
of mixed-chain (16:0)(22:6)PC and (16:0)(20:4)PC bilayers. Due to the lower chain melting temperature,
the w-6 AA bilayer is more disordered in the fluid (L) state than the -3 DHA bilayer; it is thinner with a
larger area per lipid. The thermal hysteresis observed for the DHA bilayer may represent the influences of
angle-iron conformers in the gel state and back-bended, hairpinlike conformers in the fluid state, consistent
with molecular dynamics studies. Interpretation of the 2H NMR order profiles of (16:0-d3;)(22:6)PC and
(16:0-d51)(20:4)PC together with X-ray electron density profiles reveals an uneven distribution of mass;
i.e., the sn-1 saturated chain is displaced toward the membrane center, whereas the sn-2 polyunsaturated
chain is shifted toward the bilayer aqueous interface. Moreover, the 2H NMR relaxation rates are increased
by the presence of w-6 AA chains compared to w-3 DHA chains. When evaluated at the same amplitude
of motion, relaxation parameters give a naturally calibrated scale for comparison of fluid lipid bilayers.
Within this framework, polyunsaturated bilayers are relatively soft to bending and area fluctuations on the
mesoscale approaching molecular dimensions. Significant differences are evident in the viscoelastic
properties of the w-3 and w-6 bilayers, a possibly biologically relevant feature that distinguishes between
the two phospholipid classes.

Introduction other apparently unrelated physiological and pathological
anomalies. There are two possible hypotheses for the biological
role of polyunsaturated lipids of the-3 andw-6 series'! In a

first scenario, they give rise to messenger molecules through

Phospholipids having polyunsaturated chains ofdh& and
-6 serie$? occur in high proportions in cellular membranes
including those of retinal rod outer segmeéntserebral gray

matter? mitochondrig and spermatozoaDepletion of poly-

unsaturated fatty acids (PUFAS) has long been associated wit

cardiovascular diseadeisual disorder§,cancer’ agingi®and
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the hydrolytic action of phospholipase, Aogether with cy-
rclooxygenase, lipoxygenase, or cytochrome P-450 monooxy-

genase enzymes. For instance, arachidonic acid (AAJy-8n

fatty acid, acts as a precursor in the biosynthesis of prosta-

glandins, thromboxanes, and leukotrieh®&S hese products
modulate cellular functions including platelet aggregation,
smooth muscle contraction, and neural excitatibivet, in
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contrast to AA, evidence has not been obtained for the presenceunction2® As a result, DHA chains in combination with

of significant metabolites of docosahexaenoic acid (DHA), an
w-3 fatty acid314 Differences in the properties of AA versus
DHA lipids are of great biochemical interé$tDHA itself is

zwitterionic (PC, PE) and anionic (PS) phospholipid headgroups
may be involved in tuning the bilayer spontaneous curvature
under the influence of O ions (pH) near the membrane

known to be a potent inhibitor of cyclooxygenase and to affect surface?’

prostaglandin but not leukotriene biosynthé§iDHA (and
phytanic acid) functions as a ligand for the retinoid X receptor,

However, the different effects af-3 andw-6 polyunsaturated
phospholipids may be difficult to explain within such a

a nuclear hormone receptor acting as a ligand-activated tran-framework. Measurements of biophysical properties of AA and

scription factor, which may account for some of its biological
effects!” Other studies have shown that DHA influences the
CI~ channel implicated in cystic fibrodisas well as neuronal

K* channeld? consistent with a messenger function. Moreover,

DHA polyunsaturated fatty acids are thus of considerable
interestl-228 Here we report comparative studies of phosphati-
dylcholines containing either arachidonic acid (20:8) or
docosahexaenoic acid (22:63) at positiorsn-2 and a saturated

DHA is specifically released in response to neurotransmitters palmitic acid chain (16:0) at positiosn-1. Comparison with

such as serotontfiand brain injury?!

A deficiency of DHA has been shown to affect spatial
learning and retinal function in rats and humé&fasuggesting

phosphatidylcholines having only saturated or monounsaturated
fatty acids provides a reference scélldor the observed
differences between the-3 and thew-6 lipids. In this work

an essential role in brain maturation and neural functions. The we have used deuterium nuclear magnetic resonghiclIiIR)

high enrichment of the mammalian brain with DHA during late

spectroscod?2%32 and small-angle X-ray diffractidd to

gestation and neonatal development results in its massivedetermine the dynamic structure of these lipid bilayers. For the
introduction into membrane phospholipids, where it comprises 2H NMR measurements, then1 saturated chain has beén

30—-50% of the total fatty acid® This large-scale incorporation

labeled to act as a probe for the influences of the polyunsaturated

suggests an alternative hypothesis with regard to the mode ofsn2 chain on bilayer properti€s.We first present the equi-

action of lipids containing polyunsaturated fatty acids. Namely,

librium acyl chain order parameters and the average bilayer

the high degree of polyunsaturation in neuronal and retinal structures obtained frontH NMR and X-ray diffraction,

membranes may confer distinct lipid bilayer properties which

respectively. In terms of the acyl chain packing, as manifested

govern the functions of integral membrane proteins, for instance by the?H NMR order profiles, the polyunsaturated (161§)-

G protein-coupled receptors such as rhodopsiBompared to

(20:4)PC and (16:@s,)(22:6)PC bilayers are distinct from

less unsaturated lipids, polyunsaturated bilayers have a reducedlisaturated and monounsaturated bilayers in that an increase in
thickness in the fluid state, corresponding to an increased areaconfigurational freedom is evident. This finding is in agreement
per molecule at the aqueous interface, a result of the greaterwith the X-ray measurements, which reveal an increased area

acyl chain disorde?® In a series of lipid substitution experi-

per molecule at the agueous interface corresponding to reduced

ments, consisting of variations of acyl polyunsaturation and bilayer thickness. A displacement of the mass of the PYRR
headgroups, nonspecific biophysical properties of the membranechain toward the bilayer surface is evident relative to the

bilayer have been shown to influence the conformational
energetics of rhodopsi. This work has led to a new biomem-
brane modet8 in which the spontaneous curvature of the bilayer

saturatedsn-1 chain, which extends further into the bilayer
center. We then descriBel NMR relaxation data which report
on molecular motions and viscoelastic properties of the lipid

lipids depends on acyl chain unsaturation as well as the bilayers. While theH NMR order parameters of DHA- and
headgroup type. Matching of the bilayer spontaneous curvatureAA-containing bilayers are similar, significant differences in
to the boundary curvature imposed by an integral protein leadsthe spin-lattice relaxation ratedRz) are evident in the chain-

to an elastic coupling between the protein and the surrounding melted (fluid) state. Compared to less unsaturated bilayers, the
membrane, thereby explaining the lipid influences on biological PUFA-containing bilayers are softer to curvature and area
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deformation on the mesoscopic length scale. Moreover, the AA-
containing bilayers appear softer and more deformable than
those containing DHA chains, indicating a rather unexpected,
perhaps biologically relevant property that differentiates the two

fatty acid types. Finally, we discuss the experimentally derived

relationship between order and relaxation parameters that
highlights the subtle yet well-defined distinction between the

physical properties of the-3 andw-6 bilayers.

(27) Wang, Y.; Botelho, A. V.; Martinez, G. V.; Brown, M. B. Am. Chem.
So0c.2002 124, 7690-7701.

(28) (a) Everts, S.; Davis, J. Biophys. J200Q 79, 885-897. (b) Brzustowicz,
M. R.; Cherezov, V.; Zerouga, M.; Caffrey, M.; Stillwell, W.; Wassall, S.
R. Biochemistry2002 41, 12509-12519.

(29) Petrache, H. I.; Salmon, A.; Brown, M. . Am. Chem. So001, 123

12611-12622.

(30) Rajamoorthi, K.; Brown, M. FBiochemistry1991, 30, 4204-4212.

(31) Barry, J. A;; Trouard, T. P.; Salmon, A.; Brown, M.Biochemistry1991,

30, 8386-8394.

) (a) Holte, L. L.; Peter, S. A,; Sinnwell, T. M.; Gawrisch, Riophys. J.
1995 68, 2396-2403. (b) Shaikh, S. R.; Cherezov, V.; Caffrey, M.;
Stillwell, W.; Wassall, S. RBiochemistry2003 42, 12028-12037.

(33) (a) McIntosh, T. J.; Magid, A. D.; Simon, S. Biochemistry1987, 26,
7325-7332. (b) Petrache, H. I.; Tristram-Nagle, S.; Nagle, JCRem.
Phys. Lipids1998 95, 83—94.

J. AM. CHEM. SOC. = VOL. 127, NO. 5, 2005 1577



ARTICLES Rajamoorthi et al.

NN CO0—CH, with a home-built high-power probe with a horizontal solenoid coil,
/\/\/—\/W—VWCOO—CH an external fast digitizer for quadrature phase detection, and a high-
(16:0)(20:4)PC CH7 OPO3CH2CH2N(CH3)3 power (kW) radio frequency amplifier (Henry Radio Tempo 2006).

The 90° pulse length for the spectrometer setup was typicallg.6A
phase-cycled, quadrupolar echo pulse sequent®,{r1-(11/2),-t-echo

NN\ 000-CH, was useds with a pulse spacing of 4@s and a 3Qus delay before
NNV VTNV TV TNV TN oo~ CH data aquisition following the second pulse. The pulse sequence was
(16:0)(22:6)PC cH, OPO3CH2CH2N(CH3)3 repeated every 500 ms, and the spectra were acquired using a spectral
Figure 1. Structures of mixed-chain saturategblyunsaturated phosphatid- width (dlgltlzatlon.rate) of 50(_) kHz (dwell .tlme/25.). The temperature
ylcholines from thew-6 series (16:0)(20:4)PC and the3 series (16:0)- was monitored using a thermistor placed immediately above the sample
(22:6)PC. The?H-labeled saturated chain at the glycesoll position is coil. The sample was equilibrated at each temperature for at least 30
used to monitor bilayer properties. min before the spectrum was taken. Free induction decays were Fourier

transformed at the maximum of the quadrupolar echo, antHINMR

) spectra were typically not symmetrized, i.e., we did not normally set

Materials and Methods the imaginary quadrature channel to zero to increase the signal/noise
Synthesis and Preparation of PhospholipidsEgg yolk phosphati- ratio. Any asymmetry of théH NMR spectra is due to inhomogeneity

dylcholine (egg PC) was procured from Avanti Polar Lipids (Alabaster, of the oscillatoryB; field strength across the sample placed within the
SC) and was used without further purification. Polyunsaturated and radio frequency coil.
unsaturated phospholipids were synthesized and characterized as “H NMR Data Analysis and Reduction Half-moments ) of
described previousl Briefly, the perdeuterated palmitic acid was the powder-type spectra of randomly oriented bilayers were calculated
prepared by catalytic exchange of deuterium for hydrogen over a 10% Using the equation
Pd-charcoal catalyst (Aldrich, Milwaukee, WI) at 195 using®H gas

generated electrolytically frofH,0 (99.8%; Aldrich, Milwaukee, WI). L " ok f(w) dw
The percent incorporation 8H (95—98%) and the purityX99%) of My=—r— Q)
the perdeuterated palmitic acid were determined by gas chromatogra- j(; f(w) dow

phy—mass spectrometry of its methyl ester. The symmetric disaturated

phospholipid, 1,2-diperdeuteriopalmitosiglycero-3-phosphocholine,  wheref(w) is the spectral intensity at frequeney Thekth moment is
was synthesized from the anhydride of the perdeuterated palmitic acidrelated to the segmental order parameters by

and the cadmium adduct efrglycero-3-phosphocholin&.lt was then

treated with snake venom phospholipasdr@m Crotalus adamanteus 37 1 e

(Sigma, St. Louis, MO) to hydrolyze the2 perdeuterated palmitoyl M, = Ak(—)an_ le@le )
chain yielding the lysophospholipid 1-perdeuteriopalmiteryiglycero- 2 Cis

3-phosphocholine. The lysophospholipid was reacyfateith arachi-

donic, erucic, or docosahexaenoic acids (Nu Check Prep, Inc., Elysian, WN€reA« is a constant proportional #*"yo = e’qQ/h is the static
MN) in dimethylformamide in the presence of 1,3-dicyclohexylcarbo- duadrupolar coupling constant, arl), is the C-?H bond order
diimide, 4-hydroxybenzotriazole, and 4-pyrrolidinopyridine to give the Parameter of carbon segment The moments are useful for a

mixed-chain phosphatidylcholines (16d9)(20:4)PC, (16:08s1)- quantitative characterization of the bilayer order, particularly in the
(22:1)PC, or (16:(4:)(22:6)PC. Phospholipids were then purified by gel state where the quadrupolar .splittings due_ to indivi(_iual carbon
column chromatography on silicic acid (Bio-Sil A, 16200 mesh; segments are not resolved. The first momevif)(is proportional to

Bio-Rad, Hercules, CA) with a CHgMeOH solvent gradient. They ~ the mean value o&cp over all acyl chain segmerits”?

gave single spots upon thin-layer chromatography using gMeOH/

H,O (65/35/5) as the mobile phase, followed by charring with 40% M, = — %

H,SO; in EtOH. The isomeric purity of the (16:05)(20:4)PC and XQ Z' ol

(16:0d31)(22:6)PC was determined by treatment with phospholipase ei

A, from Crotalus adamanteuéSigma, St. Louis, MO). Transesterifi-

cation of thesn2 hydrolyzed fatty acids with B@MeOH (Supelco,

PA) followed by their identification by gasliquid chromatography

showed negligible acyl migration<@3%). The polyunsaturated lipid

chemical structures are indicated in Figure 1. _ _
°H NMR Spectroscopy. Approximately 200 mg of lipids were M XQ CIZSCDl XQ mSCD' o @

lyophilized from cyclohexane/CHEK20/1, v/v) in an 8 mm culture

tube, followed by addition of an equal weight of 0.067 M sodium The values ofM; and M, were used to calculate the distribution

phosphate buffer prepared frofi-depletedH,O (Aldrich, WI), width36:37

containing 104 M EDTA and 0.01 wt % Nah at pH 7.1. The 50%

phospholipid dispersions were briefly vortexed1( min) and centri- []]3:[)|2D— []]SCD||ﬁ 20M2

fuged. Sample tubes were closed with Teflon plugs and then cut off 2= 05 Iﬁ 27M2

and sealed with high-melting (9C) wax (Petrolite, Tulsa, OK). The D

ZS: nrljpl\lﬁe; V%ifsztr(;ﬁi#trs]dti:ea;g%n_ig v(v:erlénrr:]eizeagetlg ZEgL;OtLhee malnThe °H NMR spectra in the L phase were numerically deconvoluted
P with the de-Pakeing algorithi®i®to obtain subspectra corresponding

h ransition temperature and allowed to stand for roximately 1"
E ase transition temperature and allowed to stand for approximately to the 6 = 0° orientation of the bilayer normal relative to the main

magnetic field. The &2H bond segmental order paramete%,_.,,

= XQ PSeolU ©)

and the second momenii§) is proportional to the average value of
the order parameter squared

®)

Solid-state?H NMR spectra were recorded on an NMR spectrometer
operating at 46.13 MHz for deuterium. The spectrometer was equipped

(36) Davis, J. HBiophys. Biochim. Actd983 737, 117—-171.
(37) Brown, M. F. InBiological MembranesMerz, K. M., Roux, B., Eds.;

(34) Mason, J. T.; Broccoli, A. V.; Huang, C.-Anal. Biochem1981, 113 Birkhéuser: Boston, 1996; pp 17252.
96—101. (38) Sternin, E.; Bloom, M.; MacKay, A. LJ. Magn. Reson1983 55, 274~
(35) Liman, U.; O'Brien, D. FBiophys. J.1988 53, 497a. 282.
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were evaluated from the residual quadrupolar splittinge} using the plateau region, assuming the segmental cross-sectional area of the
the relation saturated acyl chain and the projected length are inversely cor-
related®"4%41we have
|AvE] = S0l Sl Po(coso)| © oy
(n:0) CH, 1
_ ‘ A= 1—Osﬁﬂ (10)
Hereyq = €qQ/h = 167 kHz% P, is the second Legendre polynomial, M

and# is the angle between the bilayer normal and the static magnetic o
field. where the segment indexis now suppressed. Hely, represents

the volume of a methylene group, aBg = 2.54 A is the length of a
virtual bond between carbons- 1 andi + 1. As derived previousl§?
the area factog = [1/cospcan be approximated by

Spin—lattice relaxation experiments were carried out using a phase-
cycled, composite pulse quadrupolar echo sequ&dairteen or more
different values of the delay time & 3 ms to 1 s) were employed in
each case. Recycle times were at least 4 times greater than the longest
spin—lattice relaxation timeTz) value, and typically 4000 echoes were q~ 3 — 3eospH [eos f1I (11)
collected, Fourier transformed, and de-Paked. Sfittice (Zeeman)
relaxation ratesR,;z) corresponding to each of the resolved splittings
were obtained using a three parameter decaying exponential function

which involves the first two moments of the orientational distribution
function f(cos ). The first moment¢os Sis given by eq 9 above,
while the second moment is given‘By

) = ) — [S) — F0)] exp(~Ryz7) Q) _
1- 45,
6o fl=———
to compute the relaxation curve, whd®g = 1/T1z andTyz is the spir- 3
lattice relaxation time.
Mean-Torque Model of Segmental Conformations The order
paramete), of carbon segment)(is the averagé3 cog g9, — 102,

(12)

With the area factoj obtained from eq 11, we then calculate the
average cross-sectional area per saturated acyl ch&if? as

where g8}, denotes the angle between the-% bond direction 2N

o , . . . : CH,
(principal axis frame) and the bilayer normal (director axis), and the m\g‘-o)D: q— (13)
brackets indicate a time or ensemble average. In what follows, we are Dy

interested in the anglg® between thez-axis of the internal frame ) ) ) o
perpendicular to théH—C—2H plane and the bilayer normal. By ~ For comparison with the disaturated lipids, we also calculate the

considering the distribution functidtcosf®) that gives the populations ~ associated volumetric thickness, defined in relation with the saturated
. . H :0
of tilt anglesp®,4-42 we can calculate the structurally relevant average C€hain volumeV™ as
[¢osB0from the measurettos SO A conventional diamond-lattice o
representation of chain conformations gives the segmental projection . V(c' )
. 5 DL = —— (14)
along the bilayer normal &s* I]\(Cn:O)D
i) 1 _ ) _ ,
osp¥0=", ~ o ®) Note that the partial are@\"”(iand the volumetric thickness"”
pertain to the saturatech:Q) chain only, and account only for its
contribution to the hydrocarbon region. In additiobg“o) is not
necessarily equal to the average chain projection onto the bilayer
normal, denoted by{", as discussed in refs 41,42, and 44. The exact
relationship betwee®{ and LI depends on the inter-monolayer

Note that, in the limit of an all-trans axially rotating (:ha%)D = -1,
leading tol¢os 0= 1.

In addition a more recent, continuum representation based on a first-
order mean-torque modgéf? gives the analytical result

) packing at the bilayer center and, in the case of mixed-chain

Etosﬁ(i)Dz 1(1 n /_Ss(to - 1) ©) polyunsaturated lipids, on possible length mismatch between the
2 3 saturatessn-1 chain and the polyunsaturatsat2 chain. For this reason,
_ _ we report results for botBI"™ and L™, together with an additional

for |S%| > s. For [S%| < Ys, numerical results are obtainéd?? The length,L&™ 4142 The latter gives the chain extent between the second
correct limiting result for an all-trans rotating chaitgs V0= 1) is carbon { = 2) and thew-carbon { = nc), calculated as a sum of

reproduced as in the above diamond-lattice model. The advantage ofsegmental projectiond;Calong the bilayer normal,

the first-order mean-torque modeis that it allows conversion of the

order parameter profileéé)D into an equivalent mean-torque strength nc—1

profile as a function of acyl chain segment index L0 = Fn- F90= D,0 (15)
Calculation of Structural Parameters. For planar bilayers, the main i=375,...

structural quantities of interest are the average cross-sectional area of )

the acyl chainAcDand the average acyl chain lendth, which are where [Z) represents the average coordinate of carlorThe

defined and calculated as explairf@d? In the present case we are Summation in eq 15 is performed over odd values ofily, fromi =

interested in comparing the properties of the mixed-chain, saturated-3 t0 nc — 1. The chain extentg™ is a well-defined structural

polyunsaturated PC series to those of the corresponding disaturatecParameter but does not account for chain contributions beyond the end

series, based on measurements on the satusatkcthain (:0). For carbons Gand G,.. To include these contributions, the conventional

approach442defines the chain length (projectioh{"” as

(39) Williams, G. D.; Beach, J. M.; Dodd, S. W.; Brown, M. ..Am. Chem.

Soc.1985 107, 6868-6873. 1 nc—1
(40) Jansson, M.; Thurmond, R. L.; Barry, J. A.; Brown, MJFPhys. Chem. (n0) _

1992 96, 9532-9544. Le7 == D[+ D, ;0 (16)
(41) Petrache, H. I.; Tu, K.; Nagle, J. Biophys. J.1999 76, 2479-2487. i=73,...
(42) Petrache, H. I.; Dodd, S. W.; Brown, M. Biophys. J.200Q 79, 3172-
43) (@) Thurmond. R. L Dodd. S. W.: Brown. M. Biophys. J.1991 59 where the sum is now over all carbons frors 2 toi = nc — 1. The
108-113. (b) Douliez, J.-P.; lanard, A.; Dufourc, E. Biophys. J1995
68, 1727-1739. (44) Nagle, J. FBiophys. J.1993 64, 1476-1481.
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a) (16:0-d, )(20:4)PC b) (16:0-d,,)(22:6)PC

T/°C T/°C
30.0 22.8

40 0 —40 40 0 —40
frequency / kHz

shown both above and below the gel to liquid-crystalline phase
transition, reflected by the abrupt changes in the spectra with
temperature. Individual chain segments are not clearly distin-
guished at low temperatures, but these become better resolved
as temperature increases.

In the low-temperature gel phase, #eNMR spectra present
well-defined edges that are more pronounced for AA- than for
DHA-containing lipids (Figure 2). Interestingly, the low-
temperaturéH NMR spectra of thes-6 AA bilayer resemble
those of then-6 (16:0d31)(y18:3)PC, whereas those of the3
DHA bilayer are more similar to the-3 phospholipid (16:0-
d31)(018:3)PC, reported in ref 45. The prominent intensity
around+63 kHz is ascribable to th@ = 90° orientation of
rigid, nonrotating acyl chains and/or tifle= 0° orientation of
all-trans, axially rotating lipids. The central component, origi-
nating from the reorienting methyl and methylene groups, is
larger for thew-6 AA bilayer than for thew-3 DHA bilayer,
indicating that it may be due to a mismatch of the saturated
and PUFA chains at the glycera@nl and sn2 positions,
respectively. Assuming the mismatch is more pronounced in
the gel state for thev-6 bilayer, the central component is
primarily associated with the ends of the saturased. acyl
chains near the bilayer center. At higher temperatures, in the
L state (Figure 2), axially symmetric rotation of the lipids about

Figure 2. RepresentativéH NMR spectra of randomly oriented multi-  the bilayer normal (director) occurs. In this case, the sharp
lamellar dispersions of (a) (1611)(20:4)PC and (b) (16:0k1)(22:6)PC spectral features (peaks) correspond tofthe 90° orientation

as a fU”C“OS of deﬁreaiing tgmﬁperature- Tzef ﬁ“p'es CO”tai”e‘: 50 wt %of the bilayer normal relative to the main magnetic field
0.067 M sodium phosphate buffer prepared frédmO at pH 7. At low . . . . . . .
temperatures (gelp phaspe)’ the intengitypnieﬁB KHZ is mofe pronounced direction, and the \_/vell-dgflned shoulders with less mten_sm_/ arise
in (16:0031)(20:4)PC compared to (161)(22:6)PC. This intensity isdue ~ from the# = 0° orientation. The powder-type spectra indicate
to either they = 0° orientation of all-trans and axially rotating lipids orthe  more gauche conformers of the?; segments at higher

¢ = 90 orientation of rigid and nonrotating lipids. temperatures (fluid phase) and more trans conformers at lower

. : temperatures (gel phase).
length LT is typically larger tharl X" by 1—2 A but still less than | pF_ 3 © pl tth) first and d d
the volumetric thicknesB{™®.42 n Figure 3, we plot the first and second momerig @n

X-ray Diffraction . All measurements were carried out essentially M) as well as the width\, of the.quadrUpOIar distributions
as describe@ In brief, oriented lipid multilayers were prepared by =~ VErsus temperatgrfe, evaluat.ed using egs 1 and 5. For all-trans,
placing a small drop of lipid/chloroform solution on a flat piece of ~axially rotating lipids, the first moment of the quadrupolar
aluminum foil and evaporating the chloroform under a stream of distribution is predicted from eq 3 to be about &510° s71,
nitrogen. The aluminum foil substrate was given a convex curvature, close to the actual values. However, it is likely that additional
and the specimen was then mounted in a controlled humidity chamber modes of disorder exist in the gel state (vide supra). Evidently,
on a single-mirror (line-focus) X-ray camera. Humidity in the chamber the momentdVl; andM, are lower in the gel state for the AA
was maintained at 93% with a beaker .of saturatedSia solu_tlon. bilayer compared to the DHA bilayer. The phase transitibg) (
The X-ray beam was oriented at a grazing angle to the multilayers on poyeen the gel and liquid-crystalline states can be located using
the convex surface of the aluminum foil. X-ray diffraction patterns were . .

any of theMj, My, or A, parameters, each rendering a particular

recorded on a stack of five sheets of Kodak DEF X-ray film in a flat- d L fh h o | icul he width
plate film cassette. Densitometer traces through the center of each escription of how the transition occurs. In particular, the wialt

reflection were obtained with a Joyce-Loebl model 1IC microdensi- A2 empha&zes the Sharpness of the ordisorder phase
tometer. After background subtraction, the integrated interigitywas transition for thew-3 DHA bilayers compared to the-6 AA
multiplied byh (the Lorentz correction factor) due to sample geometry. bilayers. Melting of DHA bilayersT, = —12.7°C upon cooling
Phase angles for each reflection were chosen which were consisteniand—3 °C upon heating) occurs 1€ higher than for AA Tn,
with those obtained for other liquid-crystalline phosphatidylcholine = —23°C), with a large hysteresis of about 10,3 while AA
bilayers under the same experimental conditin®ne-dimensional  pjlayers show little or no detectable hysteresis. A similar
electron density profiles were then calculated by standard procedure5|-]y‘,:,teresiS is evidefft for w-3 (16:0)(18:3)PC bilayers in
(cf. ref 33). comparison tan-6 (16:0)¢/18:3)PC. One can conclude that it
Results may be a property of acyl chain mismatch dueut8 PUFA

1 .
Deuterium NMR Spectroscopy ofw-3 and w-6 Polyun- chains® or more generally due to mismatch of polyethylene

) . and polyallylic groups in bilayers.
saturated Bilayers Figure 2 showgH NMR powder-pattern . . L
spectra of randomly oriented multilamellar dispersions of qu the melted-chalr) fluid phase, fgrther data redughon IS
(16:0057)(20:4)PC and (16:@k1)(22:6)PC in parts a and b provided by_the de-Paking pr(_)cedﬁﬁ_rwhlch extracts the signal
respectively, each containing 50 wt %® The spectra consist corresponding to thé = 0° orientation from the powder-type

of a number of overlapping powder patterns arising from the ;o vi.cane M. A Griffith, G. L. Ehringer, W. D.: Stillwell, W.: Wassall,
various deuterated acyl chain segments. Measurements are ~ S. R.Biochemistry1994 33, 7203-7210.
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20— — a) (16:0-d,,)(20:4)PC
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45Lb) .
1 L 1
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o
‘v 3.0F ] Figure 4. Comparison of representati?el NMR spectra of aqueous (50
90 | Yo wt % H,0) multilamellar dispersions of (a) (161)(20:4)PC and (b)
— o (16:0-031)(22:6)PC in the L phase at 15C. The powder-typéH NMR
= 15k i spectra of the random multilamellar dispersions are given at left, and the
g ) corresponding de-Paked spectra, at right. At the same absolute temperature,
\ the quadrupolar splittings are larger for the (16:422:6)PC bilayer
compared to the (16:631)(20:4)PC bilayer.
0.0 —+ :
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Figure 3. Plots of (a) the first momeniy), (b) the second momenit), 0.00 L . L L
and (c) the parameteA, of the 2H NMR spectra as a function of 0 4 8 12 16
temperature. The symbols correspond to spectra acquired with decreasing chain segment (7)

temperature (open) and with increasing temperature (filled). All three
parameters show a large change in the phase transition region. A sharpFgure 5. Order parameter profiles of (a) (168;)(20:4)PC and (b)

phase transition with a large hysteresis is observed for the @6)0- (16:005:)(22:6)PC at various temperatures in the phase. The§?,
(22:6)PC hilayer, as opposed to a broader transition with little detectable values are plotted as a function of chain positioFor both lipids, thesn-1
hysteresis for (16:@k1)(20:4)PC. acyl chain order decreases with increasing temperature. At the same absolute

temperature thesnl chain order parameters of (16d9y)(20:4)PC are
smallerthan those for then1 chain of (16:0ds1)(22:6)PC.
spectrum. The advantage is that the increased spectral resolution
allows more straightforward peak assignments and evaluationWith increasing temperature for both lipids, with the absolute
of the residual quadrupolar couplings. Figure 4 shows repre- Magnitudes being lower for the AA bilayers.

sentative powder-type and de-PaketINMR spectra for both Equilibrium Structural Parameters . Fluid-state structural
of the polyunsaturated lipid bilayers in the fluid state. These parameters obtained from the plate&t), valueg®42 are
spectra are characteristic of melted saturated acyl cRak: summarized in Table 1. We find that the cross-sectional area

both lipids, parts a and b, the smallest splittings correspond to [AcClof the saturatedn+1 chain is larger when esterified next
the methyl ends, which are most disordered. The splittings thento AA than next to DHA, with a corresponding reduction of
increase progressively along the chain, ending in an overlapthe projection lengths <™ and L. Both areas are larger
region corresponding to practically equivalent carbon segmentsthan the area per chain of the benchmark 14-carbon, disaturated
next to the glycerol backbone. lipid DMPC, designated in Table 1 as (14:0)(14:0)PC (also in
Segmental order paramet@D extracted from fluid-phase  the fluid state at these temperatures). We note that the structural
spectra using eq 6 are plotted as a function of the chain segmenparameters that we obtain frofd NMR in the case of mixed-
indexi in Figure 5. Peak assignments were based on integratedchain bilayers correspond to partial contributions of the labeled
areas with the assumption that the quadrupolar splittings saturated (16:03n-1 chain. The total lipid cross-sectional area
decrease along the chamThese profiles provide a quantitative and the net hydrocarbon thickness include the (unknown)
measure of the orientational ordering of the acyl chains of contribution of the polyunsaturatesh-2 chaing® (see below).
phospholipids in the liquid-crystalline state with respect to the  X-ray Diffraction Studies of w-3 and w-6 Polyunsaturated
macroscopic bilayer normal. The order profiles for fluid-phase Bilayers. Direct measurements of global structural parameters
DHA and AA bilayers have the same general features at all were also obtained by small-angle X-ray diffraction. The X-ray
temperatures studied. The segmental order parameters decreashffraction patterns contained a broad wide-angle band corre-
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Table 1. Structural Results for Lipids in the Liquid-Crystalline (La) hydrated bilayerd346The water content, estimated at about 15
State waters per lipid, indicates that the bilayer deformations induced
m°c lipid S DMA @mk e g0 by dehydration are within an elastic regifiePeaks in the

15  (16:0)(20:4)PC  0.208 145 29.8 11.3  12.7 electron density profiles in Figure 6 correspond to the electron-
(16:0(22:6)PC - 0223 150 289 118 132  rich phosphocholine headgroups, and the low-density trough is
30 ((11:31:'8))((21;;?))58 8222753 1152.'3 238.'3 113'56 112.'3 due to the terminal methyl group in the center of the bilayer.
(16:0)(20:4)PC  0.191  14.0 315 10.8 121 The medium-density regions between the headgroup peaks and
(16:0)(22:6)PC  0.204 144  30.6 112 125  the terminal methyl trough represent the methylene acyl chain
50 ((11(‘5‘:'8))((11&‘:'8))58 8.'1198;' lli'g 331277 1% ﬂg segments. Compared to egg phosphatidylcholine (egg PC), a
(16:0)(22:1)PC 0189 139 324 115 129 well-studied mixture of saturated and monounsaturated phos-
(16:0)(22:6)PC  0.181 136  33.0 105 116  pholipids34® both polyunsaturated bilayers show a more
aPlateau order parameters used to calcidate saturated chain structural disordered acyl chain reglqn, as |nd|cate_d by th? broader features
values.P Volumetric thickness (eq 14Y.Cross-sectional area (eq 13). of the mthyI troughs. This leads to thinner bilayers for DHA
d Projection length (eq 15¥.Projection length (eq 16). and AA bilayers than for egg PC. The measured hdshd
distancesDy) are 35.3 A for (16:0)(20:4)PC and 35.7 A for
i (16:0)(22:6)PC, compared to 37.2 A for egg PC. Interestingly,
the AA-containing bilayer is more disordered than the DHA
bilayer, consistent with théH NMR order parameters in Figure

1 5.

Fa)

(16:0)(20:4)PC
---- (16:0)(22:6)PC
egg PC

Using the values fobyy from Figure 6, we can estimate the
hydrocarbon thickness by subtracting the contribution from the
] PC headgroup. The width to be subtracted has been estimated
- at about 4.3 A for phosphatidylcholine lipids:4° In this way
1 we obtain molecular hydrocarbon thicknesses of 13.4 A, 13.6
[ . . . . . i A, and 14.3 A for (16:0)(20:4)PC, (16:0)(22:6)PC, and egg PC,
=30 =20 -10 0 10 20 30 respectively. The total bilayer hydrocarbon thicknesses are twice
these values and are 26.8 A for (16:0)(20:4)PC and 27.2 A for
T i T " T i T " (16:0)(22:6)PC. Thus, part of the observed difference in repeat
period between (16:0)(20:4)PC and (16:0)(22:6)PC is due to a
difference in bilayer hydrocarbon thickness, with the remainder
due to a difference in interbilayer separation. These values
compare well with previous estimates Bt = 13.9 A for
(16:04d31)(22:6)PC® andDc = 14.2 A for egg PC at 36C and
29 atm osmotic pressufé.We note that the net hydrocarbon
thicknesses measured by X-ray diffraction can differ from the
- partial contributions of the saturated (1690)1 chain in Table
r 1 1, the main reason being chain-length mismatch at the bilayer

p (z) arbitrary units
Ny
J>

0 5 10 15 20 25 center. In particular, for (16:051)(22:6)PC at 30°C, we have
z/ A previously show?? that the net volumetric thickne&x is 13.9
Figure 6. Comparison of electron density profiles of (161§)(20:4)PC A, while thesn-1 partial thicknes®c160= 14.4 A, consistent
and (16:0d31)(22:6)PC with egg PC at 93% relative humidity and Z0 with the current results.

The profiles are plottgd on a relative scale (arbltr_ary un_|ts) such that Deuterium NMR Relaxation and Membrane Dynamics
headgroup heights coincide. (a) Full electron density profiles along the 5 . . .
bilayer normal direction and (b) expansion of electron density profiles across NeXxt, °H spin—lattice relaxation rateds,z, were measured for

one-half the unit cell. The electron densities of (16:94(20:4)PC and both the DHA and AA bilayers using the inversion recovery

(1?30‘131)%%16)'30 ﬁrek5|mllar(hyet(§heydn‘ferfrom eg% PC-d The 'attefSh?jWS jmethod. In Figure 7, we show a representative relaxation

a larger blayer thickness eaagroup separatlon and a more ordere . . .

hydrocarbon region (more pronounced terminal methyl trough). sequence for (16:051)(20:4)PC, Wlt_h ra”‘_’om (powder-type)
and de-PakecPH NMR spectra given in parts a and b,

sponding to a lattice spacing of 4.5 A and five sharp low-angle "espectively. Recovery of each individual peak (resonance) is
reflections, which indexed as orders of a lamellar repeat period monitored most readily using the de-Paked spectral results; it

(not shown). As indicated by the broad wide-angle band, the is noteworthy that the rate of inversion recovery increases as
bilayers were in the liquid-crystalline state under these experi- the residual quadrupolar couplings become greater. The larger

mental conditions. The lamellar repeat period was 49 A for the SPlittings corresponding to the plateau region revertin less than
(16:0)(20:4)PC bilayer and 51 A for (16:0)(22:6)PC. Electron +° MS and fully recover after 4650 ms. By contrast, the inner
density profiles for the AA and the DHA bilayers at 20 and .spllt.tmgs taI.<e mugh longer; in particular the methyl resonance
93% relative humidity are shown in Figure 6. They indicate " Figure 7 is still inverted at 110 ms.
that the difference in repeat period between (16:0)(20:4)PC and(46)
(16:0)(22:6)PC arises from a combination of a larger bilayer
thickness and a larger fluid separation for (16:0)(22:6)PC. ) ‘

Although the samples were only partially hydrated under these (ﬁgg Melntosh, . 3 Simon. S. fBlochemistiyl 986 gﬁygof%ggggé 126
conditions, the structures should be directly comparable to fully 211-223. T A

Koenig, B. W.; Strey, H. H.; Gawrisch, KBiophys. J.1997 73, 1954-
1966.

Nagle, J. F.; Tristram-Nagle, Biochim. Biophys. Acta00Q 1469 159—
195

(47
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Figure 9. Comparison of (a) order parameter profiles and (b) relaxation
rate profiles for (16:0331)(20:4)PC and (16:@s1)(22:6)PC bilayers at 30

°C. Part a also shows data for di(1419)PC* and (16:0el3;)(22:1)PC for
contrast with disaturated and monounsaturated lipid bilayers. The indexing
of the 14:0d,7 carbon segments has been shifted to the right to coincide at
the w carbon (see text.) The order parameters of polyunsaturated bilayers
are quite similar, while differing markedly from the disaturated and
monounsaturated profiles. By contrast, the relaxation profiles in part b differ
significantly between the-3 and thew-6 bilayers.

1 1
=20 20 0 =20

frequency / kHz

Figure 7. Representative partially relaxédl NMR spectra of randomly
oriented multilamellar dispersions of (16dg:)(20:4)PC containing 50 wt
% H,O in the L, phase at 15°C. (a) Powder-type spectra and (b)
corresponding de-Paked spectra. Values of the detepween the inverting
and quadrupolar-echo pulse elements are indicated.

of relaxation timesT;z = 1/Ryz, the plateau segments of AA
bilayers recover twice as fast at 16 than at 30C, specifically

100

80

RY/s™

a) (16:0-dy;)(20:4)PC

T

T T T

b) (16:0-d,,)(22:6)PC

¢ > e O

0°C
15°C
30°C
50°C

12.5 ms versus 22.7 ms. The slower terminal methyl groups
have relaxation times varying from 140 ms at’I5to 520 ms
at 30°C.

In Figure 9, profiles of the order parameters and relaxation
rates are compared at 3C. In part a, we also include order
parameters for the disaturated di(14t3)PC*? and the mo-
nounsaturated (16:051)(22:1)PC bilayers to emphasize the

qualitatively different chain packing of polyunsaturated lipids.
While the profiles of the disaturated and monounsaturated
bilayers show a pronounced curvature, the variation along the
chain is more gradual in the case of mixed-chain saturated
polyunsaturated bilaye8:22We have recently interpreted this
difference in terms of a universal, continuous chain packing
profile of saturated acyl chains. Following ref 29, the DMPC
profile in Figure 9a is shifted by two carbon positions to enable
comparison with the 16:0 profile of the monounsaturated
function of sn-1 acyl segment position for (a) (16d31)(20:4)PC and (b) (16:0431)(22:1)PC b"aYer- _There is practically no dlfferenc_e
(16:005;)(22:6)PC in the |, phase at various temperatures. For both lipids, Petween these two profiles in the core of the hydrocarbon region
the relaxation rates decrease with increasing temperature. At a given absolut{nonplateau carbon segments). However, in the presence of a
temperature, the relaxation rates for (16:9(20:4)PC ardarger than those polyunsaturated chain at positi@m2, a dramatic change of
for (16:0-d31)(22:6)PC. L
the order parameter profile is seen. The order parameters for

For each of the resonances, the recovery process is expothe saturated (16:0) chain are altered substantially if either the
nential in time and is characterized by a decay (rate) parameter,AA or the DHA polyunsaturated chain is esterified at position
Riz, the spin-lattice (Zeeman) relaxation rate. The rate values, sn2, with only slight variations between the AA and DHA
determined for all well-resolved peaks, are plotted in Figure 8 bilayers. Interestingly, the relaxation rates of AA and DHA
as a function of the chain segment indeXhe relaxation rates  bilayers shown in Figure 9b differ appreciably. There are lower
decrease along the acyl chain, in striking resemblance to therelaxation rates for the DHA bilayer than for the AA bilayer,
order parameter profiles. There is also a strong temperaturewith pronounced differences in the plateau region of the
variation, with smaller rates at larger temperatures, similar again saturatecsn-1 chain. Dissimilar relaxation rates are also found
to the order parameter behavior (cf. Figure 5). In terms for lipids containing another member of the6 class, docosa-
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Figure 8. Profiles of spin-lattice (Zeeman) relaxation ratd®) as a
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4 T

results for di(14:0d,7)PC with and without a nonionic detergent
(CysEs) to provide reference values for the measured r&tes.
Experimentally, theR;z rates for a given value of the order
parameterSp increase from DMPC to (16:0)(22:6)PC, to
(16:0)(20:4), and finally to the DMPCAgEs mixture. Given
that detergent additives soften the lipid bilayers, an upward shift
of data points in Figure 10a indicates softer (less rigid) bilayers.
By this measure, AA-containing bilayers are softer than those
o containing DHA.
N The results in Figure 10a imply that there is a functional
r iy dependence of theR;; relaxation rates on the motional
. : amplitudes as described by the segmental order para®gier
-4 2 for otherwise the data would be randomly distributed. The power
In| Sc(li)) | law dependence d#;z on Sp is close to the value of 2 expected
50 if the relaxation is governed by fluctuations in the local order
parameters of the acyl chain segments due to motion of the
whole bilayer. In such a case, Fermi’'s Golden Rule implies that
the mean-square amplitudes of local motions are proportional
di(14:0-d)PC:CroEs to the order parameters, which are modulated by nearly the same
(16:0-d5)(20:4PC | type of slow motion regardless of depth within the bilayer.
ggﬁiﬁ;?m Examples of such relatively slow motions are noncollective
i 4:0 d;)Pc: chol molecular rotations or collective excitations of the bilayer lipids.
Within such a frameworR? the plots ofR;z versus|Scpl?
shown in Figure 10b are semiempirical estimates of bilayer
softness (viscoelasticity). The experimental relationship between
the mobility as given by th&;7 rate and the motional amplitude
as given by Sp|? provides us with a practical way of comparing
@2 - lipid bilayers in terms of their viscoelastic properties. Calibration
| Seo| ©/10 lines are provided by the benchmark DMPC bil&fend its
Figure 10. Functional dependence of relaxation re&) and order softer and stiffer mixtures with detergéhaind cholesterdi?
parameterS), profiles at 30°C. (a) Logarithmic plots of relaxation rate  respectively. A steeper slope in Figure 10b reflects a softer,
?;gi;‘g(e:”;ﬁdof(‘lzf_%:)?g%f;‘;gfbsnathg ?rre”(‘; go'gge”dsiéuiﬁgesféﬁ?%e more flexible bilayer. In counterclockwise direction, the calibra-
diséturated DMPCﬁM bila&/el41 and ?;s 2:1 mixtur?a with the nonionic tion lines correspond to bending rigidities, of apprOXimat_ely
detergent GsEs.° The slope o = 2 expected for a square-law dependence  100kgT, 11kgT, and &gT.>° Our results show that the mixed-
of Riz on &p in the absence of a constant contribution is indicated for chain saturatedpolyunsaturated bilayers have bending rigidities

reference. (b) Square-law dependenc&ffand |y for the data in part  petween 6 and KT, with the arachidonic bilayers being
aalso mgludlng a Dil:APGIchholgsterol (1:1) m|xtur§2. The overall slope notably softer than the DHA bilayers.

of the R} versus|SU,|2 curves is a measure of bilayer softness with a
larger slope indicating greater deformability.
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Discussion

pentaenoic acid (22:5-6), having the same number of carbons  polyunsaturated phospholipids of the3 andw-6 families
as DHA but with one less double bond. play key biological roles; however their functional mechanisms
At this juncture the question naturally arises as to how we remain unclear. While the-6 arachidonic acid acts as second
should contrast the relaxation rates of AA and DHA bilayers messenger, nonspecific functions of the3 class are suggested
with those of saturated and monounsaturated bilayers. Forpy their high content in neuronal and retinal membranes, as
instance, how does one evaluate relaxation rates when thewell as spermatozoa. By applying deuterium NMR spectroscopy
amplitudes of motions differ? The practical solution is to bypass and small-angle X-ray diffraction, we discovered that polyun-
the chain indexing and look directly at correlations between saturated lipids form markedly different bilayers as compared
relaxation and order parametét¢Elsewhere we have sho#t? to saturated and even monounsaturated lipids. At physiological
that conventional chain indexing is actually not the most temperatures, polyunsaturated bilayers are in the fluid phase,
convenient basis for comparing bilayers, as it can obscure with disordered acyl chains commonly assumed to be the
universal laws governing acyl-chain packing.) Therefore, loga- piologically relevant state of lipid®:31 They form highly
rithmic plots of relaxation data versus order parameters are ordered states at lower temperatufeSreferred to as gel phase,
shown in Figure 10a. Here the relaxation rates for the different \which are usually considered much too rigid for biological
bilayers are compared at the same amplitude of motion, i.e., functions. To understand the molecular organization of poly-
order parameter val&gin a model-free way. We also show unsaturated lipids (cf. Figure 1), it is necessary to document
the bilayer properties both below and above the chain melting

(50) (a) Brown, M. F.; Thurmond, R. L.; Dodd, S. W.; Otten, D.; Beyer, K.
Phys. Re. E 2001, 64, 010901/1-010901/4. (b) Brown, M. F.; Thurmond,

R. L.; Dodd, S. W.; Otten, D.; Beyer, KI. Am. Chem. SoQ002 124, (51) Otten, D.; Brown, M. F.; Beyer, KI. Phys. Chem. R00Q 104, 12119~
8471-8484. (c) Martinez, G. V.; Dykstra, E. M.; Lope-Piedrafita, S.; Job, 12129.

C.; Brown, M. F.Phys. Re. E 2002 66, 050902/1-050902/4. (d) Martinez, (52) Trouard, T. P.; Nevzorov, A. A.; Alam, T. M.; Job, C.; Zajicek, J.; Brown,
G. V.; Dykstra, E. M.; Lope-Piedrafita, S.; Brown, M. Eangmuir2004 M. F. J. Chem. Phys1999 110, 8802-8818.

20, 1043-1046. (53) Applegate, K. R.; Glomset, J. A. Lipid Res.1986 27, 658-680.
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across the bilay&t56 could be affected, or, equivalently, the
spontaneous curvatu?®®’ which may in turn influence the
Polyunsaturated + conformational energetics of membrane protéfi?s:2”

saturated chains Orientational Ordering and Average Structure of Bilayers

Headgroups

Saturated chains _ of w-3 and w-6 Phospholipids. In the present work, the

% % ___________________________ saturated chain at the glycer@nl position reflects the

Polyunsaturated w-3 and w-6 Bilayers ARTICLES
interactions with the polyunsaturated fatty acyl group esterified
at thesn-2 position, as evidenced by tRel NMR spectra and
the corresponding order profiles. For the gel phase, the smooth
decrease of intensity from the center to the edges oflthe

Figure 11. Schematic representation of the acyl chain mass distribution NMR spectra of DHA bilayers, compared to that in AA bilayers

for mixed-chain saturateepolyunsaturated phosphatidylcholines in the fluid (cf. Figure 2), indicates a broader distribution of splittings in

(L) state. The saturated chain (red) is displaced toward the bilayer center, . - . .
while the polyunsaturated chain (blue) is located closer to the water interface.the former, revealing different order gradients along the chains.

This mass shift can generate distinct bending moments for polyunsaturatedHowever, in the liquid-crystalline (1) phase, théi':)D values
bilayers compared to disaturated bilayers. of all segments of thesn1 palmitoyl chain are larger when
esterified next to a DHA chain than when adjacent to an AA
chain. By this measure, the DHA bilayer in thg phase is
more ordered than the AA bilayer. We suggest that this tendency
of the DHA bilayer to form more ordered structures than the

transition, where marked changes in the acyl chain packing
occur. Structural and dynamical differences are evident in both
the ordered and disordered, liquid-crystalline phases. In par-

ticular, we find that polyunsaturated bilayers in the fluid state AA bilayer could be manifested in lipid mixtures under

are thinner, with a larger interfacial area, and more flexible than | . . . . o
. - biological conditions and could possibly influence the activity
the corresponding saturated and monounsaturated bilayers,

Another interesting feature of mixed saturatgmlyunsaturated of membrane-bound proteins, such as phospholipasé A

bilayers is that the PUFA chains are displaced toward the Further interpretation of the order profiles requires the
aqueous interface relative to the saturated cHdins introduction of motional models such as those based on mean-

! . 58 .

Dynamical Structure of Polyunsaturated Phospholipid field theones’ff Ir-liere we ra\r/]e_ estlm_ated z]iveragg structural
Bilayers. In applications of solid-statéH NMR spectroscopy parameter; 21 :2 enl acydc alms using a ws(;—orh er ?eland
to biomolecular systems there are two kinds of observables. Astorque modef:**Compared to less unsaturated phospholipids

described above, the order parameters are indicative of equi_with similar acyl lengths, the polyunsaturated bilayers are thinner

librium properties, whereas the relaxation parameters character@nd have a correspondingly larger interfacial area per lipid

ize the dynamicg’ The relationship between these quantities molecule. Notably_, similar increases in the area per mol_e(_:ule
tells us about the types of molecular motions within the bilayer. for AA and DHA bilayers compared to monounsaturated lipids

Becaus@H NMR spectroscopy provides knowledge of the order have also been measured in monolayers at the air/water interface
and mobility of C-2H segments, it has been applied to study at a constant applied pressiféoreover, in the fluid L, state

the influences of monounsaturation and polyunsaturation on thet the same absolute tempgrature, we find a Iasgeir chain )
structure and dynamics of phospholipid bilay&#€529-32.54|n cross-sectional area for AA bilayers than for DHA bilayers. This

this regard, a clear distinction can be made based on the dramatid® a_result of mcr_e-ased disorder in the former, z_as shown by_ the
alterations of the order profile shapes of the saturatetichain ~ Partial cross-sectional areag and the corresponding volumetric

in the presence of polyunsaturated acyl groups. An important thicknessede. In consequence, the shorter AA chain makes
aspect, as we have shown previously, is that disaturated lipidst€ Pilayer more disordered it is thinner with a larger cross-
with various chain lengths (forming a homologous series) trace S€Ctional area than that of DHA bilayers (see below).

a universal chain packing profifé. For each bilayer, this X-ray measurements on partially dehydrated multilayers in
universal packing profile is sampled discretely according to the the fluid L, state also substantiate the above conclusions drawn
acyl chain lengtR® The only difference is the increased order from solid-state?H NMR spectroscopy. It is noteworthy that
and extension of the plateau region for the longer chains. By the electron density profiles of both AA and DHA bilayers are
contrast, little or no change of order is evident near the bilayer

T ; B (54) (a) Deese, A. J.; Dratz, E. A.; Dahlquist, F. W.; Paddy, MBRchemistry
center with increasing acyl chain length. We therefore speak of 1981 20, 6430-6427. (b) Paddy, M. R.. Dahiquist, F. W.: Dratz, E. A.:

a neutral volume at the bilayer center, invariant to chain Eeeée, A. JEi%réemiﬁtm985légasg§z}lgggg i%gé‘siﬁ? IBD_.;dArn?_I'd,

: : H : H ., Gawrisch, K.Biochemistry: y . inaer, H.,;

substitutions qulvmg sgturate_d and monounsatura?ed chains. Gawrsich, K.Biophys. J.2001 81 969-982. (¢) Brzustowicz, M. R.:
However, an interesting shift of this neutral region occurs ggezréeszggég/.;( ffggreﬁ’ﬁ l\g rfmgve”' t\/v';'wanjsgl’ g BIIOfthS-N J2gto_u2 "
.. . L : . aikh, S. R.; Brzustowicz, M. R.; Gustafson, N.; Stillwell,

when a polyunsaturated chain is esterified at possie@. For W: Wassall, S. RBiochemistn2002 41, 10593-10602. (g) Brzustowicz,

PUFA-containing bilayers, more disordered states for the M. R.; Cherezov, V.; Zeruga, M.; Caffrey, M.; Stillwell, W.; Wassall, S.
R. Biochemistry2002 41, 12509-12519. (h) Shaikh, S. R.; Dumaual, A.

saturatedsn-1 chain become available due to shifting ofits mass ¢’/ castillo, A.; LoCascio, D.; Siddiqui, R. A.; Stillwell, W.; Wassall, S.
toward the bilayer centéf,as shown schematically in Figure R. Biophys. J2004 87, 1752-1766. (i) Wassall, S. R.; Brzustowicz, M.

. . . R.; Shaikh, S. R.; Cherezov, V.; Caffrey, M.; Stillwell, \€hem. Phys.
11. The displacement of the1 saturated group is accompanied Lipids 2004 132, 79-88.

i ift i ini (55) Brown, M. F.Chem. Phys. Lipid4994 74, 159-180.
by a concomitant shift in mass of ttse2 PUFA chain in the (56) Cantor. R. SBiophys. 11999 76, 26253630,

;o C . . 6
direction of the lipid/water interface, which can be related to (573 (a) Gruner, S. MJ. Phys. Cheml989 93, 7562-7570. (b) Seddon, J. M.
H ihili Biochim. Biophys. Actd99Q 1031 1—-69.
the C(Z)gnformatlonal flexibility of the polyunsaturated acyl o (5t 8 Biochim. Biophys. Actag74 367, 165-176. (b) Meraldi,
group?® This uneven mass distribution can result in different J.-P.; Schilitter, Biochim. Biophys. Acta981, 645 183-192. (c) Meraldi,
; ; J.-P.; Schlitter, JBiochim. Biophys. Actd981, 645 193-210.

ben_dlng moments for the polyunsaturated bllayers Compar?d(Sg) Brockman, H. L.; Applegate, K. R.; Momsen, M. M.; King, W. C.; Glomset,
to disaturated bilayers. For instance, the lateral pressure profile * J. A Biophys. 32003 85, 2384-2396.
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quite distinct from that of egg PC, which has a lower density ylene and polyallylic acyl groups have similar lengths projected
trough in the center of the bilayer and a significantly larger peak- along the bilayer normal in the low-temperature gel state. In
to-peak distance. The electron density profiles obtained from addition, the hysteresis depends on the position of the double
X-ray data indicate that the bilayer thickness, as measured bybonds, as a similar distinction has been reported between the
the peak-to-peak distance, is smaller for the AA bilayer than isomeric linolenic lipids (16:@s,)(018:3)PC and (16:@ks,)-
for the DHA bilayer. Thus a consistent picture is reached from (y18:3)PC¥ It is interesting that the phase transition temperature
consideration of botfH NMR and small-angle X-ray diffraction  of the (16:0€l31)(20:4)PC bilayer is significantly less than that
data. of (16:0-d31)(22:6)PC, despite its lower degree of unsaturation.
Comparison to Quantum Mechanical Calculations and Clearly, the phase transition temperature depends not only on
Molecular Mechanics Simulations The conformational flex- ~ the number and position of the double bonds, but also on the
ibility of the polyunsaturated chains in fluid-state bilayers has length of the polyunsaturated acyl chdit®> The melting
been theoretically investigated by means of molecular dynamics temperatures for the-3 lipid (18:0-d31)(22:6)PC and the»-6
simulations26%61 An important observation is that polyallylic  lipid (18:0-d31)(22:5)PC, both with 22 carbons at positien
triene sequences can form helical and iron-angle conformations,2, have been shown to be practically the same despite the loss
previously describeéd in the case of energy minimized struc-  Of a double bond in the latter cas®Ve therefore conclude that
tures. At higher temperatures, the correlations between suchthe reason the DHA bilayer melts at a higher temperature than
triene segments are reduced due to the low potential energythe AA bilayer is the longer PUFA chain length. The increased
barriers26061generating back-bent (upturn or hairpin) confor- length of the DHA chain apparently overcomes the effect of
mations which increase the cross-sectional area per lipid. increased unsaturation.
Simulations also indicate that the average center of mass of the In the present work, both the sharpness and hysteresis of the
PUFA chains is shifted by an increased contribution from back- phase transition in DHA bilayers suggest a higher degree of
bended or hairpinlike conformers, arising from the repeating cooperativity among the phospholipid acyl chains as compared
—CH=CH—CH,— polyallylic motif.2:60.61 to the AA bilayers. As noted above, the conformational

Further differences in the conformational flexibility of PUFAs ~ Preferences could be influenced by the length match of the
relative to less unsaturated acyl chains are suggested by ab initi?0lyunsaturated and saturated acyl chains in the mixed-chain

quantum mechanical calculatiof$2 These results are included ~ Phospholipid bilayers. For a lesser degree of matching of the
in classical molecular mechanics simulations of DHA-phos- PUFA and saturated chains, as may be the case for the AA

pholipid bilayers and AA-phospholipid bilayet$Here these
studies reveal substantially lower potential energy barriers to
rotational isomerizations. For polyunsaturated acyl chains, the
rotational isomerization of the doubly allylic GFCH—CH,—
CH=CH groups is from skewto skew as compared to the
trans to gauchieisomerizations of saturated chains. Within the
context of activated complex theory, this finding might suggest
a greater rate of rotational isomerization of PUFA ch&i@n

bilayer, a reduction of the melting point and broadening might
occur. The large hysteresis of the DHA bilayer may be due to
a substantially increased propensity to form angle-iron conform-
ers in the gel state and back-bended, hairpin-like conformers
in the fluid state, e.g., involving the ultimate &CH group of

the chain, as suggested by molecular dynamics stGélielse
conformational changes can occur with a high degree of
cooperativity for the DHA bilayer, as mentioned above. Such

the other hand, in condensed media such as lipid bilayers, thePack-bended conformers could also be associated with the report

diffusion-limited regime for segmental motions of the acyl
groups may be applicable. In accord with this picture, the rates
of segmental motions may be governed by the effective
membrane viscosity, together with the hydrodynamic volume
of the acyl segment undergoing reorientatién.

Thermotropic Behavior of Mixed-Chain Polyunsaturated
Phospholipid Bilayers One marked difference between the3
andw-6 bilayers involves their thermotropic behavior. Due to
the presence of double bonds, both the AA and DHA lipids
melt at significantly lower temperatures than disaturated lipids.
Cooperativity and hysteresis of the ordelisorder transitions
of mixed-chain DHA-phospholipid bilayers have been demon-
strated previously* The degree of hysteresis was found to
decrease systematically with the length of 8rel saturated
chain (reduced acyl carbon mismatch) and was almost negligible
for the (18:06e31)(22:6)PC bilayef31 As a result, one can infer
that the 18:0 and 22:6 chains are matched; i.e., the polymeth-

(60) Huber, T.; Rajamoorthi, K.; Kurze, V. F.; Beyer, K.; Brown, M.J-Am.
Chem. Soc2001, 124, 298—-3009.

(61) (a) Saiz, L.; Klein, M. L.J. Am. Chem. Soc2001, 123 7381-7387. (b)
Saiz, L.; Klein, M. L. Biophys. J.2001, 81, 204-216.

(62) Feller, S. E.; Gawrisch, K.; MacKerell, A. . Am. Chem. So2002
124, 318-326.

(63) Rich, M. R.Biochim. Biophys. Actd993 1178 87—96.

(64) Brown, M. F.; Seelig, J.; Heerlen, U.J. Chem. Phys1979 70, 5045-
5053.
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of a greater lateral compressibility of DHA-phospholipid bilayers
(lower area compressibility modulus,) versus monounsat-
urated phospholipid bilayers.

Structural Dynamics of Polyunsaturated Phospholipid
Bilayers. Turning next to the dynamical properties of phos-
pholipid bilayers, we know thatH nuclear spin relaxation
studies are a valuable source of information. An important issue
involves disentangling the relative contributions from the various
types of motions to the structural dynamics in the fluid state.
These include (i) local segmental motions of the flexible lipids,
due to the internal chain dynamics, as well as (ii) slower motions
formulated either as molecular rotational diffusion within the
mean-torque potential of the bilay&¢” or alternately collective
membrane deformatiort§:58 Studies of the dependence of the
relaxation rates on frequency, temperature, and the degree of
bilayer order are valuable in this reg&ff® Moreover, by
considering the dependence of the relaxation on the orientational

(65) Koynova, R.; Caffrey, MBiochim. Biophys. Actd998 1376 91—-145.

(66) Brown, M. F.J. Chem. Phys1982 77, 1576-1599.

(67) (a) Rommel, E.; Noack, F.; Meier, P.; Kothe, GEPhys. Chenl988 92,
2981-2987. (b) Halle, BJ. Phys. Chem1991, 95, 6724-6733.

(68) (a) Brown, M. F.; Ribeiro, A. A.; Williams, G. DProc. Natl. Acad. Sci.
U.S.A.1983 80, 4325-4329. (b) Brown, M. FJ. Chem. Phys1984 80,
2808-2831. (c) Brown, M. F.; Sderman, OChem. Phys. Leti99Q 167,
158-164. (d) Nevzorov, A. A.; Brown, M. FJ. Chem. Phys1997, 107,
10288-10310. (e) Nevzorov, A. A.; Trouard, T. P.; Brown, M. Phys.
Rev. E 199§ 58, 2259-2281.
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order of the acyl segments at a single resonance frequency, itheir mixtures with cholesterol and a nonionic detergent, whose

is possible to utilize more detailed studies of model lipids viscoelastic properties are well investigated. We thus have found
a framework for acquiring further knowledge of the properties significant differences in the viscoelasticity of the3 andw-6
of lipid bilayers in the fluid (L) state. bilayers over short length scales approaching the molecular

Let us first consider the contribution from local segmental dimensions, which to a certain extent is an unforeseen observa-
motions of the acyl groups within the bilayer hydrocarbon tion that sets apart the two fatty acid types. In this context, one
region. In the case of unsaturated lipid bilayers, the=@HH can consider a membrane deformation model which assumes
groups have a larger volume than the &ioups of saturated  two kinds of motions for the relaxation mechanism. The
chains. For a diffusion-like picture, local motions of unsaturated segmental motions are fast relative to the resonance frequency,
chains are therefore expected to be more sluggish. Indeled, and the ordering represents a small correctfoBy contrast,
NMR and 13C NMR relaxation studies of unsaturated and the slow motions are due to collective fluctuations of the lipids,
polyunsaturated lipid bilayers suggest that the local motions of which modulate the residual quadrupolar coupling left over from
the CH=CH groups of unsaturated bilayers are slower; i.e., the the fast motions and depend on the square of the local order
correlation times are longer than for the £toups of saturated ~ parametef$8 |f relatively slow motions are the major
bilayers®+69 |t follows that the contribution from the internal  contribution to relaxation, an approximately linear dependence
chain dynamics to the NMR relaxation of the &&H groups of Riz and|Scpl|? is expected. Such behavior is in fact observed
of polyunsaturated bilayers may be greater than that for the CH for disaturated PCs in the fluid pha%&®In terms of a square-
groups. The repeating polyallylic motif 6fCH=CH—CH,— law relation of the spirtlattice relaxation rat& z and the order
groups of the polyunsaturated acyl chains would then imply parametef&:p, a steeper slope reflects a softer, more deformable
that the internal dynamics of the entire acyl chain could be bilayer. This is a measurable property which governs the
slower than in the case of less unsaturated bilayers. It is alsoresponse of the biological membrane material to physical
noteworthy that the apparent activation energeg ¢btained perturbations, for example, due to interactions with cholesterol,
experimentally from analysis of thEC R rates of polyun- detergents, and membrane proteins.

saturated lipid bilayers are larger than the quantum mechanical |, the case of mixed-chain polyunsaturated bilayers, however,
or molecular dynamics potential barriers for segmental isomer- ;¢ square-law plots tend to depart from linearity, as implied
ization. Even in the case of polyunsaturated lipid bilayétae by a simple composite deformation model. Such deviations are
Ea values are approximately the same or larger than for iso observed for disaturated PCs at elevated temperdfures,
monounsaturated and saturated bilajé@ne can conclude that  \here greater disorder in the chain leads to a relatively short
the motions which govern the relaxation of polyunsaturated plateau in the order profile. For both the (16t9)(20:4)PC and
bilayer lipids are most likely not in the activation-controlled (16:0.4,,)(22:6)PC bilayers, th&:» values vary almost linearly
limit for rotational isomerizatiohbut rather depend on diffusive it |Scol? from the methyl terminus up to about middle of the
motions wit_hin the effective viscosity of the membrane hydro- 14.9 acyl chain, with a downward curvature for the top part of
carbon regiorf©° the acyl chain. One should note that a square-law dependence
For fluid bilayers, the dynamics of the lipids may encompass requires that several assumptions be sati$fiéncluded among
significant contributions from collective motions of the bilayer these are: (i) time scale separation of the relatively fast motions
aggregaté®58in addition to the local motions. The observed ¢ smaller amplitude from the slower motions of greater
NMR relaxation rates are then determined by the composite or amplitude; (ii) a constant orientation and asymmetry parameter
resultant (effective) motions of the lipi@&Within a continuum of the residual coupling tensor modulated by the motions; and
description, the contribution of collective motions depends on (iii) a uniform amplitude of the relatively slow motions within
material properties of lipid bilayers, for example, the bilayer e pilayer hydrocarbon region. It is not surprising that in the

softness or deformability of the membrane over relatively short 556 of mixed-chain polyunsaturated bilayers some of these
length scales. This means that despite the sluggish localassymptions may break down.

(internal) motions of thesn-2 polyunsaturated acyl chains, the
composite motions of the lipids as manifested by #mel
saturated chains could still be relatively fast if the bilayers are
soft with respect to quasi-elastic deformations. Although the
assumption of time-scale separation may break down due to
convergence of the relatively fast and slow motions, there is
nonetheless experimental evidence that such a simplified view
is useful in interpreting the NMR relaxation of fluid bilayeéfs.
Viscoelastic Properties ofw-3 and w-6 Polyunsaturated
Bilayers on Mesoscopic Length Scales Deduced from Nuclear

Above, we have described how tAd NMR order profiles
and the chain packing curves can be interpreted in terms of the
acyl mass distributions, where the saturatdl chain is
displaced into the central bilayer region relative to the PUFA
sn-2 chain, which is shifted toward the bilayer aqueous interface.
The apparent curvature &z versus|Sp|? in the fluid state
might in fact reflect mismatch of the acyl chains in the mixed-
chain bilayers. As a consequence of this chain packing, the lower
part of the saturated acyl group would be in a more mobile or

- . . . . . softer region of the bilayer, whereas the top part would strongl
Spin Relaxation. In this article we consider melted chains by interact ?Nith the PUF),; chain and Woul%lpbe less flexiblgy

tci:) rretl\il/tlngthﬁqrelabxatlon l\cl)\ll ith th\tlevﬁrlentatloln alto:jdertpe;;]ameters, Moreover, the reduction in flexibility would be greater for3
arﬁ Iitu?je of mo?iors;e:zgxzzé)n a(ra;mg\t/(?r:a r?Jvidae a nztjsir;?e PUFAs such as DHA compared &6 PUFAS such as AA, as
P ’ Hon parameters p 6 Y seen experimentally. In line with this interpretation, for mixed-
calibrated scale for comparison of lipid bilayéf$¢ Reference . )
data are provided by benchmark disaturated phospholipids andChaln polyunsaturated bilayers one expects the square-law to
P y phosphalip be almost linear when the projectsd 1 saturated acyl length

(69) Zajicek, J.; Ellena, J. F.; Williams, J. D.; Khadim, M. A.; Brown, M. F.
Collect. Czech. Chem. Commuir295 60, 719-735. (70) Dodd, S. W. M.S. Thesis, 1987, University of Virginia.
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matches that of then-2 PUFA chain, with increasing deviation  of w-3 versusw-6 polyunsaturated lipid bilayers, apart from
from linearity for greater acyl length mismatch. their dissimilarities relative to less unsaturated lipids. Our results
Analysis of the correlation between tf; rates andSp suggest that the number and location of double bonds as well
order parameters using a collective membrane deformationas acyl length differences affect the packing in mixed-chain lipid
model indeed suggests that the polyunsaturated bilayers tendilayers and should be taken into account when interpreting the
to be softer and more susceptible to elastic deformation on thephysicochemical properties of biological membranes. Compared
mesoscopic length scale than their more saturated counterpartsto bilayers of disaturated and monounsaturated phospholipids,
at least in the central bilayer region. According to the classical there is an increased disorder of the saturated chains in
theory of elasticity, such a reduction of the Helfrich bending mixed chain,w-3 andw-6 polyunsaturated bilayers. The role
elastic modulug " would in turn imply a concomitant reduction  of highly unsaturated fatty acids in biological membranes might
in Ka, the elastic modulus for interfacial area deformation. This be to support the function of certain membrane proteins that
reduction inKa is consistent with the report of an increase in require low interfacial headgroup density, i.e., large cross-
compressibility for DHA-phospholipid bilayef§.Even if the sectional lipid areas. Moreover the-6 AA bilayer is more
effective bilayer viscosity is similar to less unsaturated lipids, disordered at the same absolute temperature; it is thinner and
the composite motions of the polyunsaturated phospholipids has a larger area per lipid compared to #@ DHA-bilayer.
could still be faster, due to a decrease in the bending rigidity By contrast, relaxation measurements show an opposite increase
associated with the dynamical softness of the membranein the spin-lattice (Ri2) relaxation rates of then-1 saturated
aggregate. chains due to the presencewf6 arachidonic chains compared
We have also shown an increased deformabilityaob to w-3 docosahexaenoic chains in mixed-chain bilayers. Adopt-
arachidonic chains compared &3 docosahexaenoic chains.  jng a simple membrane deformation model we find thatsk@
Despite the small reduction in the order parameters, the-spin AA-phospholipid bilayer appears to be softer and more deform-
lattice relaxation rates of AA-containing bilayers are signifi- gpje than thes-3 DHA bilayer. This interpretation constitutes
cantly larger than those containing DHA, emphasizing the an unanticipated and perhaps biologically meaningful result that
importance of conducting both types®f NMR measurements. gjstinguishes between the two fatty acid types. One possibility
Given this framework, there is an enhancement of the relaxation js that variations in deformability of AA and DHA-phospholiplid
rate for a given value of the segmental order parameter; the yjjayers might be related to the fatty acid preference of various
-6 AA-phospholipid bilayer is softer and more deformable than enzymes. The additional significance of these findings is that

the -3 DHA bilayer. This interpretation is consistent with  cpemically nonspecific influences of bilayer lipids may govern
weaker interactions of the AA chain with the saturated 16:0 gy coupling to membrane proteins linked to key biological

sn1 chain, giving rise to more disorder (larger amplitude of functions, as in the case of rhodopsin.

motion) and a lower orderdisorder phase transition temperature
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