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Dynamics in Diether Lipid Bilayers and Interdigitated
Bilayer Structures Studied by Time-Resolved Emission
Spectra, Decay Time and Anisotropy Profiles

R. Hutterer1 and M. Hof 2,3

We present a comparative fluorescence spectroscopic investigation of diacyl and diether phosphati-
dylcholine vesicles using different probes with well-defined localization within either the hydrophilic
headgroup region or the hydrophobic part of the bilayer. Time-resolved emission spectra have been
used to characterize the solvent relaxation behavior in both symmetric and asymmetric diether and
diacyl phosphatidylcholines. It is shown that time-resolved emission spectra of Prodan (6-propionyl-
2-(dimethylamino)-naphthalene) and its long-alkyl chain derivative Patman (6-palmitoyl-2-[[trimeth-
ylammoniumethyl]methylamino]-naphthalene chloride) are a sensitive tool for the detection of
differences in the micropolarities and viscosities at the hydrophobic/hydrophilic membrane interface
of diether and diacyl lipids, respectively. Moreover, a new approach for the detection of interdigitated
bilayers is discussed. It relies on the construction of anisotropy and decay time profiles for the set
of n-anthroyloxy fatty acids and is compared with an older fluorescence assay based on intensity
measurements only. The shape of plots of the fluorescence steady-state anisotropy versus the
position of the chromophore (anthracene-9-carboxylic acid) combined with fluorescence lifetime
measurements can be used to differentiate among non-fully, and mixed interdigitated gel phase
structures and to predict structures for new lipid species.

KEY WORDS: Ether lipids; lipid interdigitation; solvent relaxation; time-resolved emission spectra; Prodan;
Patman; n-anthroyloxy fatty acids.

INTRODUCTION the dominating fluorescence method in studies of biologi-
cal and model membranes. During the last few years,

Fluorescence spectroscopy has contributed consider- however, solvent relaxation monitored by fluorescence
ably to the present picture of the structure and function measurements has become a new, extremely useful
of biomembranes consisting predominantly of phospho- method in biomembrane research [9].
lipids. Among the fluorescence techniques employed The solvent relaxation technique allows for direct
such as quenching [1], energy transfer [2,3], lifetime (dis- observation of viscosity and/or polarity changes in the
tributions) [4–6], and excimer formation [7,8], the deter- close vicinity of the probe molecule that can be intention-
mination of fluorescence anisotropy [4] has certainly been ally located in the hydrophobic backbone or in the hydro-

philic headgroup region of the phospholipid bilayer. Such
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methylamino]-naphthalene chloride), whose chromo- line (DHPC)] and strongly asymmetric [1-stearoyl-2-
lauroyl-sn-glycero-3-phosphatidylcholine (DAPC) andphores are known to be located within the hydrophilic

headgroup region of the membrane. The n-anthroyloxy 1 - stearyl - 2 - lauryl - sn - glycero - 3 - phosphatidylcholine
(DEPC)] phospholipids.fatty acids (n-AS), on the other hand, constitute a unique

set of fluorescent dyes for the hydrophobic backbone part In the third part of this review we focus on another
interesting property of diether lipids, i.e., their tendency toof the membrane, with the great advantage of using a

common chromophore (anthracene-9-carboxylic acid) form interdigitated bilayer structures. Such interdigitated
bilayer structures have attracted considerable interest withwhich is covalently attached at different positions (n 5

2, 6, 9, 12, 16) along the acyl chain of the fatty acid regard to both the different bilayer structures involved
and their possible implications for membrane function.(stearic acid for n 5 2–12, palmitic acid for n 5 16).

The n-AS probes are known to insert into the membrane Three types of interdigitation have been observed,
depending on the lipid structure, i.e., fully, mixed, andwith the stearoyl chains parallel to the phospholipid acyl

chains, with the long axes of the anthroyl ring on average partially interdigitated bilayers. Fully interdigitated
bilayers can occur in systems composed of lipids withalmost-perpendicular to the plane of the membrane [13].

The chromophore is positioned at a defined depth of the either little or no chain asymmetry or in systems with the
highest possible degree of asymmetry, including lysolipidbilayer as confirmed by both 1H-NMR [14] and quenching

studies using Ca2+ and dimethylamine [15]. species [25]. For saturated like-chain diacyl phosphatidyl-
cholines the presence of amphiphilic compounds is usu-The benefit of the solvent relaxation approach in

biomembrane research can be well demonstrated by list- ally required to induce the interdigitated LbI phase. Much
work has been done on the induction of this phase bying membrane parameters influencing the solvent relax-

ation kinetics of a fluorescent label deposited in the ethanol [26–32], but the LbI phase can also be adopted
in the presence of higher alcohols [33], benzyl alcohol,membrane: membrane curvature and composition, addi-

tion of calcium ions, temperature, and protein binding ethylene glycol [34–36], chlorpromazine [35], thiocya-
nate ions [36], and polymyxin B [37]. Symmetric diether[9–12]. Since the solvent relaxation method cannot be

considered as a standard fluorescence technique up to lipids such as DHPC, in contrast, show a fully interdig-
itated bilayer structure in the absence of any inducerknow, its principles are briefly outlined in the first part

of this review. [38–40]. The second type, called mixed interdigitation,
is less common and results when the difference betweenAlthough phospholipids containing ether-linked

alkyl or 1-alkenyl chains have been widely found in vari- the sn-1 and sn-2 acyl chains is about half as long as
the length of the longer acyl chain [34,41]. This mixedous biological systems such as mammalian cell mem-

branes and microorganisms [16], their functions are interdigitation is characterized by the long acyl chain
extending completely across the bilayer, whereas the twomostly unknown. Recent studies [17–20] have concen-

trated mainly on mono-ether lipids, which are thought to shorter chains meet end to end in the bilayer midplane.
DAPC is an example of a phospholipid which forms aplay an important role in pathobiochemistry, whereas little

work has been done on diether lipids. This class of lipids mixed interdigitated bilayer in the gel phase. Finally, a
partially interdigitated bilayer packing mode exists indiffers only with regard to the chemical bonding between

glycerol and the hydrophobic chains. One way to learn which the shorter chain from one monolayer pairs with
the longer from the opposing monolayer. This arrange-about their biological function is to investigate the poten-

tial change in physicochemical properties of membranes ment has been proposed for medium asymmetric lipids
such as 1-stearoyl-2-myristoyl-sn-glycero-3-phosphati-by enhanced levels of ether phospholipids, since the

absence of a hydration bond partner may change the dylcholine [34,39,42]. For the detection of interdigitation,
X-ray diffraction [29,34–36,38,42–45] and neutronmolecular packing in the headgroup domain. This

approach provided the motivation to exploit the solvent diffraction [46] are the most direct methods allowing
direct evaluation of bilayer thickness [47,48]. However,relaxation monitored using Prodan and Patman for the

characterization of the headgroup mobilities of vesicles infrared and Raman spectroscopy [49,50], electron spin
resonance [51,52], differential scanning calorimetrycontaining monoether lipids [21,22] as well as asymmet-

ric [23] and symmetric diether [24] lipids. In the second (DSC) [27,38,39,53], NMR [54–56], and fluorescence
spectroscopy [28,30,32,53] have also been used to detectpart of this review we summarize recent investigations

employing the polarity-sensitive probes Prodan and Pat- and to study interdigitated lipid phases. Unfortunately, a
drawback of the most informative diffraction methods isman in lipid bilayers composed of both symmetric [1,2-

dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC) the large amount of material and the expensive facilities
required. Simpler and faster methods requiring less mate-versus 1,2-dihexadecyl-sn-glycero-3-phosphatidylcho-
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rial, i.e., providing a higher sensitivity, are therefore desir- cules to the electronic rearrangement of the dye is fastest
in the case of water: more than half of its overall solvationable. Although a few fluorescence approaches have been

described for the study of EtOH-induced bilayer interdig- response occurs under 55 femtoseconds (fs) [65]. If the
dye is located in a viscous medium such as phospholipiditation, a drawback of those assays is that they rely on

changes in fluorescence intensity, which can monitor only membranes, the solvent relaxation takes place on the
nanosecond (ns) time scale [66]. In vitrified solutions,transitions from one gel phase to another phase. Therefore

we developed a new and simple method to distinguish on the other hand, the dye may fluoresce before solvent
relaxation toward the R state is completed [67]. The timenormal bilayers (composed of diacyl lipids) and interdig-

itated bilayers (as formed by diether lipids in the gel evolution of the solvation energy relaxation process can
be described by means of the normalized spectralphase) by fluorescence anisotropy and lifetime profiles,

which are described in the third part of this review. response function or so-called “correlation function” C(t):

C(t) 5
n(t) 2 n(`)

Dn
(1)

FLUORESCENCE SPECTROSCOPIC
CHARACTERIZATION OF SOLVENT The development of ultrafast spectroscopic methods with
RELAXATION fs resolution has led to an accurate determination of C(t)

for a large variety of polar solvents and has allowed
The fluorescent probes used in solvent relaxation physical interpretation within the framework of existing

studies are characterized by a large change in the dipole theoretical models [65,68–70]. Some experimental
moment Dm [Dm 5 m(S1) 2 m(S0)] upon electronic exci- results of several research groups have been summarized
tation from the ground state S0 to the excited state S1. in a recent review [9].
Since the time scale of the electronic transition is much The C(t) function is usually determined by “spectral
shorter than that of nuclear motion, the excitation causes reconstruction” [71] of time-resolved emission spectra
an ultrafast change in the probe’s charge distribution but (TRES) from wavelength-dependent time-resolved decay
does not affect the position or orientation of the sur- data. The individual wavelength-dependent decays
rounding solvent molecules. The solvent molecules are, obtained at regular intervals across the emission spectrum
thus, forced to adapt to the new situation and start to are fitted to a sum of exponentials until a mathematically
reorient themselves to find an energetically favored posi- satisfactory fit is obtained [72]. The TRES at a given
tion with respect to the excited dye. The dynamic process time t, S(l;t), is obtained by the fitted decays, D(t;l), by
starting from the originally created nonequilibrium relative normalization to the steady-state spectrum, S0(l),
Franck–Condon state (F) and gradually establishing a as follows:
new equilibrium in the excited state (R) is called solvent
relaxation (SR). This relaxation results in a continuous red

S(l;t) 5
(D(t;l) 3 S0(l))

#
`

0

(D (t;l) dt

(2)shift of the probe’s emission spectrum from the emission
maximum frequency of the Franck–Condon state [n(0)
for t 5 0] to the emission maximum of the fully relaxed
R state [n(`) for t 5 `]. Since a more polar solvent
typically leads to a stronger stabilization of the polar R After conversion from a wavelength representation to one

linear in frequency, the TRES are fit by the empiricalstate, the overall shift Dn [Dn 5 n(0) 2 n(`)] increases
with increasing solvent polarity for a given change of the “log-normal function” [73], which gives a realistic picture

of broad, asymmetric electronic emission bands [74].solute’s dipole moment Dm. The accurate mathematical
description of this relationship depends on the choice of Should the log-normal model fail to fit the data, excited-

state processes other than pure continuous solvent relax-the dielectric solvation theories [57–64] and is not further
considered here. For dielectric relaxation in phospholipid/ ation may be considered. From the fitted spectra the

emission maximum frequencies n(t), the total Stokes shiftwater systems, it can be concluded that changes in Dn
directly reflect polarity changes in the dye environment, Dn, and the full width at half-maximum of the TRES

(“half-width”) are usually derived. Since n(t) containsgiving the first major information provided by the solvent
relaxation technique in membrane studies. information about both the polarity (Dn) and the viscosity

of the reported environment, the spectral shift n(t) isThe second information obtainable from the meas-
urement of time-dependent spectral shifts is based on the normalized to the total shift Dn. The resulting “correlation

functions” C(t)[Eq. (1)] describe the time course of thefact that the SR kinetics is determined by the mobility
of the dye environment. The response of solvent mole- solvent response and allow for comparison of the SR
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kinetic and, thus, of the relative microviscosities, reported tions employing the polarity-sensitive probes Prodan and
Patman in lipid bilayers composed of both symmetricfrom environments of different polarities.

It has to be kept in mind that the C(t) function results (DPPC versus DHPC) and strongly asymmetric (DAPC
and DEPC) phosphatidylcholines.from several arithmetical operations treating measured

fluorescence decays and an emission spectrum; thus, Fluorescence decays of Patman and Prodan in all
four pure lipid systems [small unilamellar vesicles (SUV)experimental errors can multiply. When applying the SR

technique in anisotropic media such as membranes, it and large unilamellar vesicles (LUV) for symmetric and
asymmetric lipids, respectively] as well as in a 1:1 mix-must be considered that the dye might probe a distribution

of microenvironments; in this case C(t) might represent ture of DAPC and DEPC (LUV) have been recorded as a
function of emission wavelength for several characteristica continuous superposition of several solvent responses.

In all investigations on membrane labels done by our temperatures and fitted to biexponential decay models.
Typically, for lem . 470 nm one decay component wasgroup employing a subnanosecond “single-photon count-

ing” apparatus [8,10–12,23,24] the solvent response obtained with a negative preexponential factor which is
characteristic for the occurrence of an excited-state reac-appears to be rather complex and cannot be satisfactorily

and consistently described by (multi)exponential relax- tion. A large increase in the decay times can be observed
with increasing lem, as expected for increasing contribu-ation models. To characterize the overall time scale of

the solvation response, we therefore omit data fitting and tions of excited states. For all temperatures the mean
decay times are significantly shorter in the correspondinguse an (integral) average relaxation time:
diether lipid (DEPC, DHPC) compared to the diacyl lipid
(DAPC, DPPC). The mixed lipid system DAPC/DEPC

(tr) [ #
`

0

C(t)dt (3) (1:1) yields decay times close to the mean of those
detected for DAPC and DEPC. To obtain a more quantita-
tive picture of solvent relaxation TRES, Stokes shifts Dn
versus time after excitation, correlation functions C(t),

SOLVENT RELAXATION IN DIETHER LIPIDS and half-widths of the reconstructed TRES have been
examined for all the above-mentioned lipid systems
labeled with either Prodan or Patman. Briefly, they giveThe dynamic behavior of phospholipids containing

ether-linked alkyl or 1-alkenyl chains has been studied direct evidence that the ether linkage allows more effi-
cient water penetration in the glycerol region, resultingin considerably less detail compared to diacyl lipids,

although their participation in biological processes is in faster SR.
Some representative data are summarized in the fol-beyond doubt. Most work has been done on ether lipids

of the plasminogen type [1-O-(18-Z-alkenyl)-2-acetyl-sn- lowing. First, Prodan exhibits faster SR than Patman,
irrespective of the lipid system, in agreement with itsglycero-3-phospholipids], especially their derivatives

containing choline or ethanolamine bound to the phos- localization closer to the lipid–water interface [10]. Sec-
ond, the SR of both dyes becomes faster with increasingphate. The latter may be found in nerve tissue, kidney,

bone marrow, and red blood cells, while muscle cells amounts of diether lipid. Below or near the phase transi-
tion, the relaxation of Patman is very slow in diacyl lipids,and bone marrow constitute major sources of choline

plasmalogens [75–77]. Ether lipids are thought to be while it is still fast in diether lipids. The same trend, but
with considerably shorter relaxation times, holds aboveinvolved in the pathobiochemistry of malignant tumor

growth, where enhanced concentrations of ether lipids the phase transition in DAPC and DEPC. Similar conclu-
sions can be drawn from a comparison of symmetricalhave been reported to be associated with neoplastic tissue

[78,79]. Important pathophysiological functions such as diacyl and diether lipids (DPPC and DHPC).
Some illuminating data are compiled in Table I forstimulation of platelet aggregation and antihypertensive

activity have been attributed to the activity of 1-O-(18- Patman in DPPC- and DHPC-SUV. It is shown that the
total time-dependent Stokes shifts in DPPC-SUV belowZ-alkenyl)-2-acetyl-sn-glycero-3-phosphatidylcholine,

the so-called platelet-activating factor. Although the Tm are relatively small (5 and 17 nm for 20 and 408C,
respectively), whereas the shifts in DHPC at these temper-molecular difference between diacyl and diether phospha-

tidylcholines may be regarded as small (an ester group is atures are considerably larger (31 and 43 nm, respec-
tively). Apparently, the ether linkage leads to a moresubstituted by an ether oxygen), the absence of a hydrogen

bond partner may significantly change the molecular polar environment and, thus, in the given phospholipid/
water system, to a more efficient water penetration. Thepacking and the solvation dynamics in the headgroup

domain. In the following we summarize recent investiga- correlation functions C(t) (Fig. 1) and the determined ^tr&
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found for Patman probing DHPC-SUV below Tm as well
as for the DPPC system above Tm. The observed profiles
of half-width versus time after excitation for these three
investigated systems indicate that, during the lifetime of
the excited-state, solvent relaxation is completed and that
the major part of the solvent relaxation process is detect-
able with the given subnanosecond time resolution of the
experiment. The continuous increase observed for DPPC-
SUV below Tm indicates that Patman fluoresces before
SR is complete. The opposite extreme is observed for
DHPC above Tm: the maximum in the half-width is
already present at very short times after excitation.
Together with the surprising drop in the determined Dn
for DHPC to 31 nm at 528C, it can be concluded that a
major part of the SR occurs much faster than the timeFig. 1. Correlation functions C(t), calculated according to Eq. (1), for
resolution of the experiment and, thus, cannot be detectedPatman in DPPC-SUV (filled symbols) and DHPC-SUV (open symbols)

at 208C (circles), 408C (triangles), and 528C (squares). with the given time resolution.
Similar conclusions have been reached for the

monoether lipids 1-O-hexadec-18-enyl-2-oleoyl-sn-glyc-
(Table I) confirm for all temperatures the above-stated ero-3-phosphatidyl choline (HOPC) and 3-O-hexadecyl-
conclusion that the headgroup domain probed by Patman 2-oleoyl-sn-glycero-3-phosphatidyl choline (AOPC) in
is more mobile in the case of ether compared with acyl comparison to POPC (1-palmitoyl-2-oleoyl-sn-glycero-
membranes. It has to be stressed that the C(t) for DPPC 3-phosphatidyl choline) [21]. The idea of a more flexible
at 208C or for DHPC at 528C may be insignificant because molecular environment [21] is in agreement with 2H NMR
of its small shift or the large contribution of solvent data showing enhanced flexibility of the a-methylene
relaxation faster than the time resolution of the experi- segment of the sn-2 chain of a plasmine plasmalogene
ment, respectively. Anyhow, both C(t) values are included compared to the corresponding diacyl lipid [83]. A
in Fig. 1 to visualize the solvent relaxation kinetics of stronger penetrance of water due to a less steep dielectric
these systems. gradient along the hydrophobic/hydrophilic interface in

The very slow solvent relaxation in DPPC below plasmalogenes has been postulated [75] and appears to
Tm as well as the very fast solvent relaxation in DHPC be even more pronounced in diether lipids.
above Tm manifest themselves in the time course of the As shown previously [24] by steady-state anisotropy
TRES half-widths (Fig. 2): If the fluorescence lifetime measurements with Patman and the well-known DPH
is long enough to allow complete relaxation to the R
state, the half-width of the TRES first increases to a
maximum, usually at times comparable to ^tr&, and then
decreases with time [68,80–82]. This regular behavior is

Table I. Stokes Shifts (Dl) and Mean Relaxation Times (^tr&) (ns) for
Patman in DPPC- and DHPC-SUVa

DPPC, Tm 5 418C DHPC, Tm 5 438C
Temperature

(8C) ^tr& (ns) Dl (nm) ^tr& (ns) Dl (nm)

20 (ND) 5 2.6 31
40 3.7 17 2.0 43
52 1.2 49 ,0.7 .31

a The ^tr& for DPPC at 208C was not determined (ND) because of the
Fig. 2. Full width at half-maximum of the TRES (“half-width”) as asmall Stokes shift in this system. The limited time resolution used in

the single-photon counting experiment allowed the determination of function of time after excitation for Patman in DPPC-SUV (filled sym-
bols) and DHPC-SUV (open symbols) at 208C (circles), 408C (triangles),only threshold values of Dl and ^tr& for DHPC-SUV at 528C (see also

the discussion of Fig. 2). Tm is the lipid phase transition temperature. and 528C (squares).
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derivative TMA-DPH [1-(4-trimethylammonium-phe- fluidity gradient along the bilayer normal. The approach
has been used to compare the symmetric diacyl lipidnyl)-6-phenyl-1,3,5-hexatriene], the differences in the

relaxation behavior are not caused by different fluoro- DPPC (forming “normal” bilayers) with the symmetric
diether lipid DHPC, using multilamellar vesicles (MLV)phore mobilities in diacyl and diether lipids but rather

by different physical properties of the interface region. [85]. For DHPC, a fully interdigitated structure has been
confirmed by X-ray and differential scanning calorimetryTo summarize this section, TRES has been proven to

be a sensitive tool for the detection of differences in [39] which converts to a “normal” gel phase at 34.58C
and to the liquid crystalline phase at 43.58C. The secondreorientation of phospholipid headgroups and/or water

dipols in the hydrophobic/hydrophilic membrane inter- pair was DMPC and DAPC (MLV) [85], the latter
favoring a mixed interdigitated bilayer structure belowface.
18.58C [42]. In a normal gel phase the differences in the
steady-state anisotropies for the set of n-AS dyes are
generally quite small, with 16-AP exhibiting the lowestDETECTION OF INTERDIGITATED GEL

PHASES BY ANISOTROPY AND LIFETIME values. All fluorophores show a pronounced decrease in
the rss values near the main phase transition, which isPROFILES
largest for the dyes located closer to the bilayer center
(9- and 12-AS, 16-AP). In DHPC the temperature depen-In recent years it has been recognized that, besides

the classic bilayer arrangement, another gel phase struc- dence of the steady-state anisotropy is quite different.
Considerably higher rss values are obtained for 2-AS andture is possible in which the acyl chains of opposing

monolayers interdigitate. Three types of bilayer interdig- 3-AS and, especially, 16-AP at low temperatures com-
pared to the noninterdigitated phase in DPPC. Thus, 16-itation have been reported and are described briefly in

the Introduction. Despite the need for a fast and simple AP is more restricted in the fully interdigitated phase
compared to the normal gel phase in DPPC. The behaviorassay to detect bilayer interdigitation, only very few fluo-

rescence approaches based on either pyrene [84] or DPH is again quite different for the asymmetric DAPC, known
to adopt a mixed interdigitated gel phase (LbI) below Tmfluorescence have been described. The latter used by

Nambi et al. to study EtOH-induced interdigitation of with three acyl chains per headgroup. While a clear fluid-
ity gradient is observed from 2-AS to 12-AS, 16-APDPPC bilayers relies on intensity changes of the DPH

fluorescence [28]. Monitoring the steady-state intensities exhibits the highest rss values of all dyes examined (0.243)
in the gel phase of DAPC, with an abrupt decrease toof DPH in DPPC, the authors observed an abrupt decrease

in fluorescence intensity of DPH when the EtOH concen- the lowest value above Tm.
Profiles of the steady-state anisotropy versus thetration reached a value sufficient to induce transition to

a fully interdigitated phase. A drawback of techniques position of the chromophore along the acyl chain are
shown in Figs. 3A and B for some characteristic reducedbased on changes in fluorescence intensity is that they

give information only about the fact that a phase transition temperatures. The noninterdigitated gel phases are char-
acterized by a small rise in anisotropy from position 2occurred but are not able to give any information about

the lipid organization of the two phases involved. This to position 6, followed by a steady decrease in rss down
to position 16. A pronounced fluidity gradient from posi-limitation can be overcome by the use of an extensive

parameter such as decay time or anisotropy rather than tion 2 to position 16 is characteristic for the liquid crystal-
line phase (diamonds) of all investigated lipids. Higheran intensive one such as intensity.

A useful approach is discussed in the following to anisotropies for 2- and 3-AS and a continuous decrease
down to position 12 characterize the mixed interdigitatedobtain anisotropy profiles, i.e., a set of values for the

steady-state anisotropy as a function of fluorophore posi- phase. The most intriguing feature, however, is the
extraordinary high anisotropy values for 16-AP in thetion along the bilayer normal [85]. The set of n-AS dyes

is ideally suited for such a task due to their defined mixed interdigitated phase, which are much higher than
in a “normal” (i.e., noninterdigitated) gel phase. A similarlocalization in lipid bilayers. In the case that the phase

behavior (and thus transition temperature) of a lipid under profile is observed for the fully interdigitated phase at
low temperatures. Again, the rss values are high for 2-study is not known, it is useful to measure first the steady-

state anisotropy (rss) as a function of temperature for the and 3-AS but considerably lower for 6-, 9-, and 12-
AS. In contrast to the noninterdigitated phase (DPPC), afull set of n-AS dyes. These data can be used to construct

profiles of the steady-state anisotropy versus the position considerable rise in rss is observed from 12-AS to 16-
AP. This profile changes markedly at higher temperatures.of the chromophore along the acyl chain for some charac-

teristic temperatures and will typically yield a kind of At 328C the maximal anisotropy is observed for 3-AS,
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for 2-AS at a low temperature (58C), with decreasing
values in the series 3- ' 6- . 9-. 12-AS. From 12-AS
to 16-AP a pronounced increase was detected, which is
indicative of an interdigitated structure.

Within this set of probes, 16-AP is clearly the most
useful and interesting one. Its extremely different behav-
ior in DMPC, DHPC, and DAPC is summarized in Fig.
4. Very high anisotropies are observed in the mixed inter-
digitated phase in both MUV and LUV (data not shown).
In contrast, considerably lower values were observed in
SUV, indicating that the formation of a mixed interdig-
itated phase is not possible in small vesicles due to geo-
metrical constraints.

Of course, the method is also useful for the study
of other lipid systems which are known to exhibit interdig-
itation, such as the induction of a fully interdigitated
phase of DPPC by EtOH mentioned above. A set of
rss data at 208C for the n-AS dyes versus the ethanol
concentration (Fig. 5A) and the corresponding anisotropy
profiles exhibit no major changes up to 1.0 M EtOH.
However, the anisotropies change markedly between 1.0
and 1.4 M EtOH, which is exactly the concentration range
in which the transition to the fully interdigitated phase
of DPPC was reported to occur [28,29]. The anisotropy
profile obtained at 1.9 M EtOH (Fig. 5B) is typical for
a fully interdigitated phase, as may be seen by comparison
with the profile for DHPC at 108C (Fig. 3B).

The power of the method using a set of n-AS dyes
for the simple assessment of the type of lipid gel phase
structure can be improved if additional decay time meas-

Fig. 3. Steady-state anisotropy profiles of n-AS dyes in DMPC-MLV urements are performed. It is well known that the lifetimes
(open symbols) and DAPC-MLV (filled symbols) (A) and in DPPC- of n-AS dyes are sensitive to polarity [12,15,86], while
MLV (open symbols) and DHPC-MLV (filled symbols) (B). Plots are
shown for the same reduced temperatures relative to the phase transition.
(A) Filled symbols: 58C (circles), 148C (squares), 188C (triangles), and
308C (diamonds). Open symbols: 108C (circles), 198C (squares), 238C
(triangles), and 358C (diamonds). (B) Filled and open symbols: 108C
(circles), 328C (squares), 428C (triangles), and 508C (diamonds).

followed by 6-AS, with a continuous decrease from 6-
AS to 16-AP. Above Tm, the profile is similar to those
of the other lipids.

Thus, each of the three examined gel phase types
(noninterdigitated, mixed interdigitated, and fully inter-
digitated) yields a different characteristic profile, which
seems to be of diagnostic value for the determination of
the packing type of a specific lipid. This has been shown
by examination of the steady-state anisotropy for the set
of n-AS in MLV composed of the asymmetric diether

Fig. 4. Steady-state anisotropies as a function of temperature of 16-
lipid DEPC. To our knowledge, no X-ray diffraction data AP in DAPC-MLV (filled circles), DAPC-SUV (open circles), DHPC-
for the gel phase structure of this lipid have been pub- MLV (triangles), and DMPC-MLV (squares). The excitation wavelength

was 385 nm; emission was detected at 430 nm.lished yet. As with DAPC, a very high value is obtained
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nents, increase from 2-AS to 16-AP in a normal bilayer
system such as DPPC. If the mean lifetime of 2-AS is
taken as 100% and the decay times of the other n-AS
dyes are expressed as the percentage increase relative to
2-AS, characteristic profiles for the decay behavior in
different bilayer arrangements can be obtained [85]. A
comparison of the noninterdigitated DPPC with the fully
interdigitated (below 34.58C) DHPC (MLV) shows con-
siderably smaller increases in the mean decay times of
n-AS with increasing depths of incorporation in DHPC,
in agreement with a fully interdigitated structure with a
smaller bilayer thickness.

The most interesting feature of the decay behavior
in the mixed interdigitated phase of DAPC is the unique
behavior of 16-AP. Its decay behavior is close to monoex-
ponential, with an extremely long decay time of about
17 ns in the gel phase contributing more than 90% to the
total fluorescence intensity. To our knowledge such a
long decay component for 16-AP has never been reported
for any other vesicle system. Above 158C, 16-AP shows
an abrupt decrease in decay time (from 15.0 ns at 158C
to 13.4 ns at 178C and, further, to 12.5 ns at 258C), which
is very similar to that in DMPC at the same reduced
temperature (12.4 ns). Thus, the transition from the mixed
interdigitated to the liquid crystalline state is accompanied
by a drastic change in the environment of 16-AP.

Similarly the very long decay time for 16-AP in
DEPC at temperatures below the phase transition sup-
ported the assumed existence of a mixed interdigitated
gel phase structure for this diether lipid. Mean decay

Fig. 5. Steady-state anisotropies of n-AS in DPPC-MLV at different times above 15.0 ns as found for both DAPC and DEPC
EtOH concentrations. (A) Plots of the steady-state anisotropy as a are unique and seem to be associated with a mixed inter-
function of the EtOH concentration. The excitation wavelength was

digitated bilayer. No obvious explanation for the origin385 nm; emission was detected at 430 nm. The temperature was 208C.
of the uniquely long lifetime of 16-AP in mixed interdig-Circles, 2-AS; squares, 3-AS; triangles, 6-AS; diamonds, 9-AS; crosses,

12-AS; stars, 16-AP. (B) Anisotropy profiles of n-AS dyes in DPPC- itated structures is currently available. Due to the reduced
MLV for different EtOH concentrations: circles, 0 M; squares, 1.0 M; bilayer thickness of the interdigitated phase compared to
triangles, 1.2 M; diamonds, 1.9 M EtOH. DMPC, the 16-AP chromophore should be localized close

to the lipid/water interface, sensing an environment of
considerable polarity if an all-trans conformation for the

for interdigitated bilayers a lower polarity gradient has palmitoyl chain is assumed. As the decay times for the
been proposed [52]. Recent studies have shown that the n-AS decrease with increasing polarity, a much shorter
relaxation behavior of anthroyloxy fatty acids in phospho- decay time than observed experimentally would be expec-
lipid vesicles is somewhat more complex than previously ted. One possible explanation is that 16-AP loops back
assumed. For a detailed discussion of these features the into the bilayer to avoid the exposure of the hydrophobic
reader is referred to Ref. 12. Nevertheless, the fluores- aromatic ring to the polar lipid/water interface. This may
cence decay at 430 nm appears to be a good indicator allow a position in a highly restricted environment where
for the polarity gradient within the bilayer [87]. It can little quenching occurs and which seems not to be favored
be well described by a biexponential decay for all dyes. in a fully interdigitated gel phase. It should be mentioned
The mean decay times, calculated according to that the terminal position of the anthroyl group represents

an anomaly in the series of n-anthroyloxy fatty acids,^t& 5 (a1t
2
1 1 a2t

2
2)/(a1t1 1 a2t2) (4)

which may generally cause deviations in the fluores-
cence behavior.where a1/2 are the preexponential factors of both compo-
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