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Biophysical Characterization of a New Phospholipid Analogue
with a Spin-Labeled Unsaturated Fatty Acyl Chain
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ABSTRACT Spin-labeled analogs of phospholipids have been used widely to characterize the biophysical properties of
membranes. We describe synthesis and application of a new spin-labeled phospholipid analog, SL-POPC. The advantage of
this molecule is that the EPR active doxyl group is linked to an unsaturated fatty acyl chain different to saturated phospholipid
analogs used so far. The need for those analogs arises from the fact that biological membranes contain unsaturated phospho-
lipids to a large extent. The biophysical properties of SL-POPC in membranes were characterized using EPR and NMR spec-
troscopy and compared with those of the saturated spin-labeled phospholipid, SL-PSPC. To this end, POPC membranes
were labeled with either analog to assess whether the spin-labeled counterpart SL-POPC mimics the membrane properties
better than the often used SL-PSPC. The results show that SL-POPC and SL-PSPC explore different molecular environments
of the bilayer, and that the type and degree of perturbation of bilayer caused by the label moiety also differs between
both analogs. We found that SL-POPC is more appropriate to assess the versatile dynamics of POPC membranes than
SL-PSPC.
INTRODUCTION

Phospholipids are the main component forming the bilayer

structure of biological membranes. Due to their amphiphilic

properties they determine the physico-chemical parameters

of membranes. However, phospholipids not only determine

the structure of membranes, they are also specifically

involved in physiological membrane-associated processes,

which comprise e.g., signal transduction events, protein

sorting, and the regulation of protein activity. Conse-

quently, for decades there has been an enormous interest

in the characterization of lipid structure and dynamics in

model and biological membranes, using a large spectrum

of biochemical and biophysical methods and assays. To

cover all modes of lipid motion, techniques that do not

rely on probes, such as infrared (1) and NMR spectroscopy

(2–4) as well as x-ray diffraction (5) were complemented by

fluorescence and EPR methods to assess motions with char-

acteristic correlation times on the order of 10�7 to 10�10 s.

However, natural phospholipids lack properties that make

them amenable to EPR or fluorescence spectroscopy. There-

fore, labeling techniques have been developed to (bio)-

chemically introduce fluorescence or EPR active groups

into phospholipids. As a result, a variety of phospholipid
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analogs has been synthesized and used in numerous studies.

Analogs differ with respect to the label moiety used, the

labeling site of the phospholipid (i.e., headgroup, sn-1 or

sn-2 fatty acyl chain, chain position), the phospholipid

species (with regard to headgroup, fatty acyl composition

and type of linkage between glycerol backbone and fatty

acyl residues). By using those analogs, the structural and

dynamical properties of phospholipids in model and biolog-

ical membranes have been characterized that are i), lateral

and transverse lipid mobility in a membrane leaflet (6,7),

ii), transbilayer lipid movement and distribution (8), iii),

lipid-protein/peptide interaction (9–12), iv), membrane-

protein interaction (9,11), v), intracellular lipid trafficking

(13,14), vi), lipid metabolism and catabolism (13,15,16),

vii), membrane fusion (17,18), viii), domain formation

(19,20), ix), membrane protein topology (21–23), and

many other membrane related phenomena. In studies using

phospholipid analogs a putative influence of the probe on

the process investigated has to be considered (24).

EPR spectroscopy using spin-labeled analogs has the

special advantage that EPR spectra are sensitive to motions

in the nanosecond timescale, which is a characteristic corre-

lation time of phospholipid motion in biological membranes.

Therefore, spin-labeled phospholipids have been applied

mainly for characterizing the dynamics of phospholipids in

membranes using various headgroup or fatty acyl chain-

labeled analogs (25). For the latter, analogs have been used

bearing the label moiety at different positions of the fatty

acyl chain offering the possibility to investigate physical

properties at different depth of the hydrophobic membrane

core (26). The collection of available spin-labeled phospho-

lipids is limited by the intricacy of chemical synthesis. For
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example, typically all spin-labeled phospholipid analogs

used so far contain fully saturated fatty acyl residues.

However, in biological membranes a significant portion of

the phospholipids features unsaturated fatty acyl chains,

which are linked mainly to the sn-2 position. Unsaturated

fatty acyl residues play a decisive role in the general structure

and dynamics of the membrane and in protein-lipid interac-

tion (27–29). In this study, we use a newly synthesized spin-

labeled analog of an ubiquitously occurring unsaturated

phosphatidylcholine, SL-POPC structure (Fig. 1). The

biophysical properties of this analog in POPC model

membranes are characterized by using EPR and NMR spec-

troscopy and compared with those of the respective saturated

analog SL-PSPC with the aim to examine which of the two

analogs reflects better membrane properties.

MATERIALS AND METHODS

Chemicals

POPC and SL-PSPC were purchased from Avanti Polar Lipids (Alabaster,

AL) and used without further purification. All other chemicals were from

Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany). HBS contained

150 mM NaCl, 5 mM HEPES (pH 7.4).

Synthesis of SL-POPC

The structure of SL-POPC is shown in Fig. 1. Its synthesis is described

in detail in the Supporting Material. Briefly, our synthetic design

involved two building blocks: a), 7-doxyl-nonanal 3 made in six steps

from monoethylpimelate; and b), 8-carboxyl octyltriphenylphosphonium

bromide 5. 16-Doxyl oleic acid 6 was then formed from 3 and 5 by Wit-

tig reaction followed by the coupling step to LysoPC (see Supporting

Material).

Vesicle preparation

For NMR measurements, mixtures of phospholipids and sterols were prepared

in a chloroform-methanol mixture (1:1 v/v). The solvent was removed by

rotary evaporation and the resulting lipid film was redissolved in cyclohexane

and lyophilized overnight to obtain a fluffy powder. Samples were hydrated

with 40 wt % water and equilibrated by 10 freeze-thaw cycles and gentle

centrifugation. The resulting multilamellar lipid dispersions were transferred

into 5-mm glass vials for static 2H NMR experiments. For 1H MAS NMR

experiments, samples were filled into 4-mm high-resolution MAS rotors

with spherical Kel-F inserts. For 13C NMR experiments samples were trans-

ferred to 4-mm MAS rotors with cylindrical sample volume and a Teflon

insert. The samples were stored in a�70�C freezer before NMR experiments.

For EPR measurements, aliquots of lipids (labeled and nonlabeled) in

organic solution were transferred to a glass tube and dried under nitrogen.

The lipids were resuspended in a small volume of ethanol and HBS was
added to give a final lipid concentration of 5 mM (final ethanol concentration

was <1% (v/v)) resulting in the formation of MLV. To prepare LUV, five

freeze-thaw cycles were carried out followed by extrusion of the MLV solu-

tion 10 times at 40�C through two 0.1-mm polycarbonate filters (mini-

extruder from Avanti Polar Lipids; filters from Costar, Nucleopore GmbH,

Tübingen, Germany).

EPR measurements

Samples for the EPR measurements were transferred to 50 ml micropipettes

(Brand, Wertheim, Germany), sealed by modeling material and filled into

quartz capillaries (4 mm internal diameter, Bruker, Karlsruhe, Germany).

EPR spectra were recorded at an EMX spectrometer (Bruker). For recording

EPR spectra of analogs, the following parameters were used: modulation

amplitude, 1 G; power, 20 mW; scan width, 100 G, accumulation, 9 times.

To quantify the mobility of labeled lipid a correlation time of rotation was

calculated from the spectra (30,31).

Ascorbate assay

POPC-LUV (5 mM) were symmetrically labeled with the phospholipid

analogs (2 mol %). At time zero of the kinetics, LUV were mixed with as-

corbic acid in HBS (from a stock solution adjusted to pH 7.4; final ascorbate

concentration 20 mM). EPR spectra were recorded at 30�C at different times

using a Bruker EMX spectrometer (parameters: modulation amplitude, 2 G;

power, 20 mW; scan width, 50 G, without accumulation). The decrease of

the EPR signal intensity was estimated by relating the height of the low field

peak of EPR spectra to those in the absence of ascorbic acid.

NMR measurements

Solid state 2H NMR spectra were recorded on a wide bore Bruker Avance

750 NMR spectrometer (Bruker BioSpin, Rheinstetten, Germany) at a reso-

nance frequency of 115.1 MHz (magnetic field strength of 17.6 T) using

a single channel solid probe with a 5 mm solenoid coil. The 2H NMR spectra

were accumulated using the quadrupolar echo sequence and a relaxation

delay of 2 s (32). The two 2.5-ms p/2 pulses were separated by a 60 ms delay.

Typically, 512 scans with a spectral width of 500 kHz were acquired. For all

experiments, the carrier frequency of the spectrometer was placed in the

center of the spectrum. The free induction decays were left-shifted after

acquisition to initiate Fourier transformation on top of the quadrupolar

echo. Only data from the real channel were processed to yield symmetrized
2H spectra with a better signal/noise ratio.

2H NMR spectra were dePaked (33) and smoothed order parameters (34)

for each methylene group in the chain were determined from the observed

quadrupolar splittingDv
ðiÞ
Q

for the ith chain segment according to���Dn
ðiÞ
Q

��� ¼ 3

4
cQ

���SðiÞCD

���: (1)

Here, cQ ¼ e2qQ=h represents the quadrupolar coupling constant (167 kHz

for the C–2H bond), Si
CD ¼ 1=2h3cos2qi � 1i is the segmental order param-

eter, q is the angle between the bilayer director and the external magnetic

field B0.
FIGURE 1 Structure of SL-POPC.
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The Pake doublets were assigned starting from the terminal methyl group

exhibiting the smallest quadrupolar splitting. The methylene groups were as-

signed successively according to their increasing quadrupolar splittings. The

smoothed order parameter profiles were determined from the observed quad-

rupolar splittings as described in detail by Huster et al. (35). Average

order parameters were calculated by adding all chain order parameters and

dividing them by the number of methylene and methyl groups in the chain.

The chain extension L�C can be estimated by projection of the averaged

length of the carbon segments on the bilayer normal and summation over

successional carbon segments. The first moment of the deuterium spectra

was calculated according to:

M1 ¼
ZN

0

uf ðuÞdu

,ZN

0

f ðuÞdu; (2)

where f(u) is the spectral intensity distribution and u¼ 0 corresponds to the

Larmor frequency u0.
1H and 13C MAS NMR spectra were acquired at a spinning speed of

8 kHz on a Bruker Avance 750 NMR spectrometer operating at

749.69 MHz for 1H NMR and 188.53 MHz for 13C, respectively, using

a double resonance CP MAS probe equipped with a 4-mm spinning module.

Typical p/2 pulse lengths were 5 ms. 1H T1 relaxation times were measured

using the inversion recovery pulse sequence with 16 time delays between

1 ms and 4 s, a relaxation delay of 4 s, and a spectrum width of 8 kHz. 13C

single pulse excitation spectra were accumulated at a spinning frequency of

8 kHz, a spectrum width of 50 kHz, and TPPM decoupling at a 1H decoupling

field of ~50 kHz. Typical p/2 13C excitation pulse lengths were 5 ms. 13C T1

relaxation times were measured using the inversion recovery pulse sequence

with 13 delays between 1 ms and 6–12 s and a relaxation delay of 12 s.

The observed relaxation rates R1¼ 1/T1 for each lipid segment in the pres-

ence of the unpaired electron in the spin label are the sum of paramagnetic

and dipolar relaxation rates (R1 ¼ R1,p þ R1,d) (22). R1,p can be easily deter-

mined by subtracting R1,d measured in the absence of the spin label. All

spectra were acquired at a temperature of 30�C.

RESULTS

EPR spectra of SL-POPC incorporated
into membranes

POPC lipid vesicles were labeled with either SL-POPC or

SL-PSPC and the recorded EPR spectra were compared

(Fig. 2). As typical for spin-labeled lipids, spectra reflect

a restricted mobility of the label moiety (26). A comparison

of the spectra of SL-POPC and SL-PSPC recorded at 4�C
indicates a somewhat higher mobility for SL-PSPC as seen

from the narrower peaks of this analog (see low field and

mid field peaks in Fig. 2 E). Likewise, the spectra recorded

at 30�C reflect similar differences in the analog mobility,

however, the differences between the spectra were rather

low. To quantify those differences, we have recorded the

EPR spectra of SL-POPC and SL-PSPC at different temper-

atures and calculated the correlation time of rotation (t) from

the spectra (Fig. 3). As expected, t decreased with increasing

temperatures reflecting alterations in the mobility of the

probe. In agreement with the qualitative differences of the

EPR spectra (Fig. 2), the correlation time of rotation is

slightly lower for SL-PSPC compared to SL-POPC at 4�C.

This difference in correlation times between both analogs

becomes smaller at higher temperatures vanishing at
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R20�C, i.e., both analogs show a similar mobility at those

temperatures (see Discussion).

To characterize the lateral dynamics of the analogs in the

membrane, EPR spectra were recorded from lipid vesicles

containing varying fractions of SL-POPC or SL-PSPC,

respectively. It is known that an increase of label concentra-

tion resulting in shorter distances between analog molecules

may cause an increased spin-spin interaction, which can be

followed from a broadening of EPR signals (36). Indeed,

as illustrated in Fig. 4 for the midfield peak (H0) we observed

an increase of the line width with increasing analog concen-

tration for both analogs at 4�C and 30�C. Comparing the data

of SL-POPC and SL-PSPC, the line widths are similar for

both analogs at 30�C with the exception at 20 mol %.

FIGURE 2 EPR spectra of spin-labeled PC analogs in POPC membranes.

Multilamellar vesicles consisting of 5 mM POPC and 0.5 mol % SL-PSPC

(A and C) or SL-POPC (B and D) were prepared and spectra were recorded at

30�C (A and B) and at 4�C (C and D). (E) Spectra for both analogs recorded

at 4�C (C and D) are superimposed to visualize differences between both

spectra that are indicated by the arrows. The narrower and broader peaks

belong to the spectrum of SL-PSPC and SL-POPC, respectively.
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However, at 4�C SL-POPC and SL-PSPC behave differ-

ently. Although the line width of SL-PSPC only slightly

increases with analog concentration, it shows a distinct

increase for SL-POPC.

Characterization of the membrane localization
of the doxyl moiety of SL-POPC by EPR

To characterize the localization of the label moiety within the

hydrophobic membrane core we measured the accessibility

of the doxyl group for the soluble EPR signal quencher

ascorbic acid. Ascorbic acid reduces the spin label resulting

FIGURE 3 Influence of temperature on the rotational correlation time (t)

of the doxyl moiety in spin-labeled PC analogs. Multilamellar vesicles con-

sisting of 5 mM POPC and 2 mol % SL-PSPC (-) or SL-POPC (�) were

produced and spectra were recorded at different temperatures. Data represent

the mean of two independent measurements.

FIGURE 4 Influence of the analog concentration on the line width of EPR

spectra. Multilamellar vesicles consisting of POPC and different concentra-

tions of SL-PSPC (squares) or SL-POPC (circles) were produced (giving

a final lipid concentration of 5 mM) and spectra were recorded at 4�C
(,, B) or at 30�C (-, �). From the spectra the line width of the midfield

peak DH0 was extracted.
in a loss of signal intensity of the corresponding EPR spectra

(37). Recording the EPR data of SL-PSPC or SL-POPC in

POPC-LUV on addition of ascorbic acid, we observed

a decrease in signal intensity for both analogs, which was

faster for SL-POPC (Fig. 5). To quantify these differences,

the reduction kinetics were fitted to a single-exponential,

yielding rate constants of 6.5� 10�4 s�1 and 4.3� 10�4 s�1

for SL-POPC and SL-PSPC, respectively. To estimate the

insertion depth of the label moiety based on reduction

kinetics, we measured the ascorbate-mediated loss of signal

intensity for the spin-labeled phosphatidylcholine analog

1-palmitoyl-2-(4-doxylpentanoyl)-sn-glycero-3-phosphocho-

line. The label moiety, which is attached to the short chain

fatty acyl residue in sn-2 position is very close to the

membrane surface. Indeed, the decline of the EPR signal

on addition of ascorbate was very rapid (Fig. 5). This

suggests that the label moiety of SL-POPC is more deeply in-

serted into the hydrophobic region of the membrane and even

more that of SL-PSPC.

Influence of SL-POPC on membrane structure

To study the influence of the spin label moiety on the

chain packing properties in the host membrane, 2H NMR

experiments were carried out. The quadrupolar splittings of

the 2H NMR spectra of POPC-d31 membranes in the pres-

ence of SL-POPC at a molar ratio of SL-POPC/POPC-d31

(mol/mol) 1:20, 1:10, and 1:4 are slightly reduced (data

not shown). From these spectra smoothed order parameter

profiles and difference order parameter profiles were ex-

tracted (Fig. 6). At low concentration (molar ratio of

FIGURE 5 Kinetics of ascorbate-mediated EPR signal reduction of spin-

labeled PC analogs in POPC vesicles. Large unilamellar vesicles consisting

of 5 mM POPC were symmetrically labeled with 2 mol % SL-PSPC (-),

SL-POPC (�) or 1-palmitoyl-2-(4-doxylpentanoyl)-sn-glycero-3-phospho-

choline (:) as described in Materials and Methods. At time point zero,

labeled LUV were mixed with ascorbic acid (to give a final concentration

of 20 mM) and transferred to an EPR capillary. Subsequently, EPR spectra

were recorded at the given time points at 30�C. From the spectra the signal

intensity of the low field peak was estimated and normalized to that in the

absence of ascorbate.

Biophysical Journal 96(3) 1008–1015
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SL-POPC/POPC-d31 (mol/mol) 1:20), SL-POPC has only

a minor influence on the order parameter of the sn-1 chain

of POPC-d31. However, at higher label concentrations the

order parameter is decreased in the lower and middle region

of fatty acyl chains compared to that in the absence of the

analog. These data are compared with the results of a study

characterizing the impact of SL-PSPC on lipid packing in

membranes using the same approach (22). SL-PSPC causes

order parameter changes of the sn-1 chain of POPC-d31,

which are more pronounced than those of SL-POPC

(Fig. 6 B, only shown for SL-PSPC with a molar ratio of

SL-PSPC/POPC-d31 (mol/mol) 1:4). In contrast to SL-

POPC, the changes of the order parameter in the presence

of SL-PSPC mainly concern the upper and middle part of

the hydrocarbon chains of the host membrane.

FIGURE 6 Smoothed 2H NMR order parameter profiles for pure POPC-d31

membranes (A) in the presence of SL-POPC at a molar ratio of SL-POPC/

POPC-d31 (mol/mol) 1:20 (=), 1:10 (<), and 1:4 (�) and in the presence of

SL-PSPC at a molar ratio of SL-PSPC/POPC-d31 (mol/mol) 1:4 (-) (A). (B)

Difference order parameter profiles of POPC-d31 in the binary mixtures

with respect to pure POPC-d31 membranes. In the presence of SL-POPC

the order parameters of POPC-d31 are reduced slightly, especially in the

lower chain region. SL-PSPC increases the order of the upper/middle

part of the hydrocarbon chains of the POPC-d31 membrane. The order

parameter profile for SL-PSPC was adapted from Vogel et al. (22) for

comparison.
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Characterization of the membrane localization
of the doxyl moiety of SL-POPC and SL-PSPC

Given the fact that the paramagnetic doxyl groups enhance

the relaxation rates of nuclear spins by a paramagnetic

contribution, the distribution of the chain-attached doxyl

groups in the membrane can be studied. By plotting the 1H

paramagnetic relaxation rate for each lipid segment as a func-

tion of the corresponding coordinates with respect to the

bilayer normal, further differences between the SL-POPC

and SL-PSPC are obvious both at low and high temperature

(Fig. 7). At 30�C the spin label moieties of both analogs are

FIGURE 7 1H paramagnetic relaxation rates of POPC lipid segments in

the presence of SL-POPC (circles) or SL-PSPC (squares) as a function of

the coordinates of such lipid segments (Scott Feller, Wabash College, Craw-

fordsville, IN, personal communication, 2006) at 4�C (A) (,, B) and 30�C
(B) (-, �) at a molar ratio of POPC/spin-labeled lipid of 200:1 and a water

content of 40 wt %. The paramagnetic relaxation rates for SL-PSPC at 30�C
were adapted from Vogel et al. (22) for comparison.



broadly distributed in the bilayer membrane (Fig. 7 B). The

probability of the location of the doxyl label of SL-POPC in

POPC membranes has a maximum in the upper chain/glyc-

erol region and decreases toward the headgroup and lower

chain region. In contrast, for SL-PSPC the 1H paramagnetic

relaxation rates increase gradually from the headgroup to the

center of the bilayer. At 4�C the label moiety of SL-POPC

also remains widely distributed with respect to the bilayer

normal with a preference for the upper chain region (Fig. 7 A).

For SL-PSPC the probability distribution shows a stronger

increase toward the bilayer center at 4�C compared to

30�C indicating less frequent contacts of the doxyl group

with the upper chain region of POPC.

Similar conclusions can be drawn from the analysis of the
13C paramagnetic relaxation rates (Fig. 8). At 30�C the prob-

ability of distribution of the spin label for SL-POPC is high-

est in the upper chain/glycerol region whereas for SL-PSPC

the highest 13C paramagnetic relaxation rates can be found

close to the CH3 groups at the lower chain region of the

POPC membrane.

DISCUSSION

In the current study we characterize the biophysical proper-

ties of a newly synthesized spin-labeled phosphatidylcholine

analog, SL-POPC, with an unsaturated oleoyl residue on the

sn-2 position, which also bears the spin label moiety. To the

best of our knowledge solely saturated spin-labeled phos-

pholipid analogs have been applied in biophysical membrane

studies. However, biological membranes consist to a large

FIGURE 8 13C paramagnetic relaxation rates of lipid segments of POPC

in multilamellar vesicles as a function of the lipid coordinates of such lipid

segments at 30�C in the presence of 2 mol % SL-POPC (�) or SL-PSPC (-)

and a water content of 40 wt %. The 13C paramagnetic relaxation rates for

SL-PSPC at 30�C were adapted from Vogel et al. (22).

Characterization of Spin-Labeled PC
extent of unsaturated phospholipids. Therefore, by comple-

menting spin-labeled saturated phospholipids, this analog

will allow to mimic physiological relevant lipids and their

molecular environment much better. Here, the properties of

SL-POPC were compared with those of the respective satu-

rated analog SL-PSPC using various EPR and NMR exper-

iments. Despite the fact that SL-PSPC has often been used

to study membranes, endogenous PSPC is, in contrast to

POPC, a phospholipid occurring very rarely.

By measuring paramagnetic relaxation rates, we explored

the localization and distribution of the spin label moiety

along the membrane normal. Typically, chain attached

probes are broadly distributed (38,39). The probability for

the localization of the doxyl probe of SL-PSPC decreases

from the bilayer center to the headgroup showing that the

label group is localized with largest probability around

the position inferred from a rigid all-trans configuration of

the acyl chain (22). The finite probability observed for the

localization of the spin probe in the headgroup region, which

is caused most likely by upturning chains indicates high

dynamics of the fatty acyl chains (40).

The distribution function of the spin moiety of SL-POPC

differs from that of SL-PSPC. Most significantly, in contrast

to SL-PSPC the paramagnetic relaxation rates indicate

a preferred localization of the doxyl group of SL-POPC in

the upper chain and glycerol region. One may wonder

whether such a localization could be explained by a back

folding of the labeled fatty acyl chain as it has been found

for the chain-attached fluorescence probe NBD of respective

phospholipid analogs (38,39). The fixed charge of the NBD

group interacts most favorably with the polar environment of

the lipid/water interface of the membrane thereby forcing the

fatty acyl chain to back-fold.

However, as judged from phospholipids with doxyl-

labeled saturated fatty acyl chains such as SL-PSPC, the

comparatively apolar nature of the doxyl moiety is not able

to drive back folding of fatty acyl residues. This is under-

lined by the experimental finding that the localization prob-

ability of the doxyl group is highest in the hydrophobic core

of the membrane, i.e., at the bilayer center, where it experi-

ences attractive van der Waals interactions. Hence, the

preferred localization of the doxyl label of SL-POPC reflects

a property of unsaturated fatty acyl chains, but not a property

of the spin label.
2H NMR order parameters were studied to investigate the

influence of the label group on lipid chain packing proper-

ties. Analysis of the membrane order parameter shows an

increase in chain order in the upper/middle chain region of

the membrane in the presence of SL-PSPC (22). This

behavior is in agreement with the broad distribution of the

spin probe along the whole acyl chain region resulting in

an increase of packing density. The bulky doxyl group

occupies a volume of 142 Å3, which compares with the

volume of approximately five CH2 groups. Thus, the free

volume in the membrane is reduced by insertion of the doxyl

Biophysical Journal 96(3) 1008–1015
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probe, which decreases the motional freedom of the acyl

chains and, therefore, increases chain order parameters.

In contrast, in the presence of SL-POPC we observed only

relative small alterations of membrane packing even in the

presence of very high concentrations of SL-POPC. The order

parameters are only slightly reduced mainly in the lower

chain region. This leads to the conclusion that SL-POPC

reflects the properties of natural membranes much better in

particular the incredible motional freedom of the lipid

chains.

A different localization of the doxyl group of both analogs

can be also inferred from the reduction kinetics of the spin

label on addition of ascorbate. The loss of signal intensity

was faster for SL-POPC than for SL-PSPC. This implies

that in case of SL-POPC the spin label is located more

closely to the lipid/water interface being more accessible to

the water soluble ascorbate. As discussed above, we can

rule out that the differences in reduction could be explained

by a larger perturbation of the membrane structure in the

presence of SL-POPC compared with SL-PSPC allowing

an easier penetration of ascorbate into the membrane at these

conditions: i), the analog concentration was comparatively

low for the reduction experiments (2 mol %) and the NMR

order parameter measurements showed a very small influ-

ence of those low analog concentrations on fatty acyl chain

order; and ii), in contrast to SL-PSPC, perturbation of bilayer

structure by SL-POPC was marginal.

The differences in localization of the doxyl moiety may

also account for the slightly slower motions of SL-POPC

below 10�C as indicated by the enhanced rotational correla-

tion time t of the analog with respect to SL-PSPC. We assume

that the larger probability of the SL-POPC doxyl group to be

localized in the upper and middle chain region as observed in

the NMR measurements, is reflected in a decreased probe

mobility. There is a well known gradient of motional freedom

along the fatty acyl chains with the region near the headgroups

being more immobilized and the mobility increasing toward

the terminal methyl groups (3,26). Indeed, in case of a perma-

nent localization of the label group in the upper membrane

region one would record a much more immobilized spectrum

as seen from the membrane spectrum of the analog 1-palmi-

toyl-2-stearoyl-(5-doxyl)-sn-glycero-3-phosphocholine that

bears the doxyl group on the 5th carbon of the fatty acyl chain

(25). At higher temperatures (above 20�C), the rotational

correlation time was similar for SL-POPC and SL-PSPC indi-

cating that the fast motions of both chains are very similar.

However, this does not represent a contradiction to the

NMR results. First, averaged position of the probes in the

membrane is not influenced by the correlation time of their

motion. Second, EPR and NMR are typically sensitive to

different timescales, where NMR typically probes somewhat

slower motions.

Finally, the different behavior of the line width of the

midfield peak DH0 with increasing label concentration could

also be explained on the basis of the observed distribution of
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the label moiety along the membrane normal. A preferred

localization of a spin label moiety as observed for SL-

POPC close to the water-lipid interface enhances the proba-

bility of spin-spin interactions and, hence increases DH0, in

comparison to a more smeared distribution along the

membrane normal. In particular, because the upper chain

region is packed more densely, the restricted reorientational

and lateral mobility of the doxyl moiety in the headgroup

region might be the reason for the increased dipolar broad-

ening. Essentially, differences in line broadening between

both spin-labeled lipids disappeared at higher temperature.

This indicates that line broadening is due to dipole-dipole

interactions of the doxyl groups, which are averaged out

by enhanced mobility at higher temperature. An alternative

explanation might be that clustering of SL-POPC leads to

line broadening. However, we consider it very unlikely

that SL-POPC has a tendency to cluster in an environment

of unsaturated lipids whereas SL-PSPC does not. Further-

more, in case of a clustering line broadening would be

caused by exchange (Heisenberg) interactions. This type of

spin interaction is known to become predominant with

increasing temperature, which was not observed.

In conclusion, although spin-labeled saturated phospho-

lipids such as SL-PSPC have been widely used successfully

to characterize physical and biological properties of

membranes, the comparison between the behavior of SL-

PSPC and SL-POPC and their influence on membrane prop-

erties shows significant differences. This suggests that the

spin-labeled analog, which mimics the endogenous phospho-

lipids more closely should be the preferred molecule. It is

known that EPR and fluorescence probes can largely domi-

nate the structure, dynamics and membrane organization of

lipids (24,39). However, our findings suggest that the lipid

chain attached doxyl groups follow the general structural

and dynamical properties of the membrane, which renders

them rather nonperturbing. Nevertheless, as all lipid

segments, these probes are distributed broadly with regard

to the bilayer normal, which suggests that distance measure-

ments involving these probes should be analyzed with great

caution. Finally, by carrying out a simple headgroup

exchange also unsaturated analogs of other phospholipids,

e.g., phosphatidylserine or phosphatidylethanolamine could

be synthesized for membrane studies.

SUPPORTING MATERIAL

Synthesis of 1-palmitoyl-2-oleoyl-(16-doxyl)-sn-glycero-phosphocholine

is available at http://www.biophysj.org/biophysj/supplemental/S0006-

3495(08)00109-4.
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