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Established solid state 31P-NMR and novel 19F-NMR experiments are used in a complementary approach to
describe the behaviour of a Ñuorinated drug, Ñufenamic acid (FFA), in phospholipid model membranes. The
non-steroidal anti-inÑammatory agent FFA was dissolved at 5% (w/w) in dimyristoylphosphatidylcholine
(DMPC), and the system was investigated at low hydration (3 per lipid) where morphological transitionsH2O
of the lipid are strongly a†ected by additives. It is demonstrated that FFA induces a Ñuid phase in DMPCHII
at ambient temperatures, i.e. much below its regular chain-melting transition which occurs around 50 ¡C at low
hydration. The guest molecules are preferentially accommodated in the hexagonal phase of the lipid, which
coexists with the usual crystalline state of pure DMPC. The peculiar transition sequence withLC ] HII] L

a
increasing temperature is explained by a re-distribution of FFA in the lipid matrix and a concomitant phase
separation under conditions of limiting hydration. Small-angle X-ray di†raction and freezeÈfracture electron
microscopy are used to conÐrm the existence of the hexagonal and bilayer phases, and to determine their
respective dimensions. When the drug FFA dissolves in the bilayer, its structural e†ect on the surrounding
lipid molecules may be related to its pharmacological activity in membranes. For example, FFA is known to
modulate ion channel function, and it has been suggested that it inhibits phospholipase activity by accelerating
the transbilayer Ñip-Ñop of lipids.

Introduction

Flufenamic acid (FFA) belongs to the class of non-steroidal
anti-inÑammatory drugs, which are clinically used against a
wide range of acute and chronic disorders. The molecular
basis for its therapeutic action is generally believed to be its
ability to inhibit cyclooxygenase activity and thereby block
the production of prostaglandins.1 An unrelated, additional
mode of anti-inÑammatory action of FFA has been recently
attributed to its inhibition of Ca2` inÑux into activated neu-
trophils,2,3 and to the corresponding arrest of Ca2`-
dependent lymphocyte proliferation.4 In this scenario it
appears that ion channels are the target of the drug. Indeed,
FFA is known to inhibit various non-selective cation chan-
nels,5,6 chloride channels,7 an organic anion transporter8 and
it binds to the erythrocyte anion exchanger band-3.9

Flufenamic acid can be accommodated in both polar and
apolar environments, depending on the protonation state of
its carboxylic acid group which has a around 4È5. It haspKabeen suggested that the presence of FFA exerts a signiÐcant
inÑuence on the physical state of the lipid bilayer and thereby
modulates the function of membrane-associated proteins, for
example of phospholipase For example, it was demon-A2 .10
strated that lipid-soluble compounds like FFA inhibit phos-
pholipase in vitro by accelerating the transbilayer Ñip-Ñop of
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lipids and lysolipids.11 When the compounds were tested
whether they could induce inverted lipid phases in phospha-
tidylcholine, no such intermediates were detected under
ambient conditions. Here, we demonstrate under more rigor-
ous conditions of low hydration12 that FFA is indeed able to
induce an abundant hexagonal phase in DMPC. Solid-state
NMR, small-angle X-ray di†raction (SAXS) and electron
microscopy (EM) are used as complementary methods to
examine the lipid morphology.13,14

Besides relying on established 31P-NMR methods to deter-
mine the phase state of a phospholipid dispersion,15h17 it is
also useful to observe a guest compound directly by
NMR.18h21 Flufenamic acid, like many other pharmacolo-
gically active drugs and anaesthetics, contains Ñuorine which
is a highly sensitive NMR probe.22,23 We have recently
analyzed the 19F-NMR signals of FFA to assess its mobility
and alignment in DMPC model membranes, by measuring the
homonuclear dipolar coupling within the InCF3-group.24
that study, which was meant to illustrate the use of uniaxially
oriented NMR samples for determining the orientation-
dependence of the 19F dipolar coupling, the Ðrst signs of a
non-lamellar lipid phase were noted :25 At full hydration FFA
resided in lamellar bilayers as expected, but at low water
content it revealed a di†erent morphology which was tentati-
vely assigned to be hexagonal. Here, we investigate the FFAÈ
DMPC mixture at low hydration in more detail in order to
verify the induction of an inverted phase at ambient tem-HIIperature. No such tendency has been observed previously in
pure phosphatidylcholines by X-ray di†raction,26,27 FTIR-
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ATR spectroscopy,28 electron microscopy,29 di†erential scan-
ning calorimetry30 or by solid-state NMR.31 The disturbing
e†ect of the pharmacologically active drug observed here thus
supports the notion that it may indeed facilitate rapid trans-
bilayer Ñip-Ñop in the membrane,11 as it had been postulated
earlier to explain the inhibition of phospholipase ItA2 .11
remains to be shown whether any of the other membrane pro-
teins which respond to FFA could also be mediated in a
similar manner via non-speciÐc binding of the drug to the
lipid matrix.

Materials and methods
Samples were prepared by co-dissolving DMPC (Avanti Polar
Lipids, Alabaster, USA) and Ñufenamic acid (Sigma-Aldrich)
at 5% (w/w) in After evaporation and overnightCHCl3 .
vacuum, the material was hydrated with a well-deÐned
amount of doubly distilled water using a Hamilton syringe.
Assuming that one molecule of had remained bound toH2Oeach lipid, an accuracy of (mol/mol) could benW^ 0.5 H2Oachieved, where denotes the number of per DMPCnW H2Omolecule. Oriented samples for 19F-NMR were prepared on
glass plates as previously described.24,25 The reproducibility
of the NMR spectra was checked by incubating several freshly
hydrated samples above their chain melting transition (Tm B

and subsequently equilibrating them again at the50 ¡C)
desired measuring temperature below It was therebyTm .29
conÐrmed that any morphological transitions (especially

had reached their equilibrium state after a sufficient-L
a
] LC)ly long period of time (several minutes up to many hours), and

that the observed structures were not trapped in any metasta-
ble gel phase.

Solid-state NMR measurements were performed on a Unity
Inova 500 MHz Varian spectrometer, at a resonance fre-
quency of 202.4 MHz for 31P and 470.4 MHz for 19F. Hahn-
echo 31P-NMR spectra were acquired with 1H-decoupling
and 4 ls 90¡ pulse lengths and 30 ls delays. Single-pulse
19F-NMR spectra were acquired with 1H-decoupling and
pulse lengths of 2.5 ls, while the CarrÈPurcellÈMeiboomÈGill
(CPMG) sequence employed 20 ls windows and composite
90¡È180¡È90¡ pulses without 1H-decoupling.24,25
Temperature-dependent experiments were carried out in the
range between 15 and 55 ¡C, controlled to within an accuracy
of about 2 ¡C. Lineshape simulations were carried out as
described earlier.25,32,33

X-Ray di†raction studies were performed at the EMBL out-
station at DESY in Hamburg, using synchrotron radiation
from the storage ring DORIS III in combination with the X33
double-focussing monochromator-mirror camera.34 Samples
prepared the same way as for NMR were placed in standard
liquid cells supplied by EMBL. About 100 ll of the aqueous
lipid dispersion were squeezed between the mica plates of
these cells having a pathlength of ca. 1 mm. SigniÐcant devi-
ations from the pre-adjusted water content are highly(nW\ 3)
improbable when taking into account that the material was
rapidly transferred at room temperature under ambient rela-
tive humidity (RH). Adsorption isotherms of water on
DPPC35 and DMPC (D. R. Gauger and W. Pohle, unpub-
lished data) determined previously by IR spectroscopy had
demonstrated that the hydration level at ambient RH closely
corresponds to The X-ray measurements werenW\ 3È4.
carried out over a range of temperatures between 5 and 85 ¡C.
Data were processed using the OTOKO program.

FreezeÈfracture electron microscopy replicas were obtained
from the same FFAÈDMPC dispersion as above, which was
fast-frozen from 35 ¡C, as described previously.29 Fracturing
and replication were carried out with a BAF 400 T freezeÈ
fracture device (Balzers, Liechtenstein), and the replicas were
examined in an EM 900 electron microscope (Zeiss,
Germany).

Results and discussion
Flufenamic acid (FFA, see inset of Fig. 1) readily partitions
into cellular membranes, even when added in its deprotonated
state at micromolar concentrations from aqueous bu†er at
physiological pH (J. Salgado and A. S. Ulrich, unpublished
results). We showed in a previous NMR study that multi-
lamellar liposomes containing 5% (w/w) FFA retain their
bilayer structure, provided that the lipid is fully hydrated.25
However, we noted that FFA a†ects the lipid morphology at
low hydration, which is examined more closely in Fig. 1. The
left column shows 31P-NMR spectra of DMPC containing
FFA, hydrated with 3, 4 and 5 molecules pernW\ 2, H2Olipid (Fig. 1aÈd). At 35 ¡C these successive hydration levels are
expected to induce a transition from a crystalline state toLCthe Ñuid phase in DMPC.27,28 This transition is conÐrmedL

ain the pure DMPC controls on the right (Fig. 1eÈh). The static
31PCSA lineshape which dominates at low hydration is
assigned to a crystalline phase, because the three principalLCtensor values are clearly resolved. With increasing hydration,
the phase of pure DMPC is gradually replaced by anLCaxially symmetric lineshape, being characteristic of a Ñuid L

aphase (Fig. 1h).
In the presence of FFA, on the other hand, the sample with

shows an isotropic peak at 0 ppm in coexistence withnW\ 2
the signal (Fig. 1a). At a reversed axially symmetricLC nW\ 3
lineshape is observed (Fig. 1b) which contributes about 20%
to the total intensity. Only at higher hydration levels the usual

phase emerges in the FFA-containing samples (Fig. 1c,d).L
aThe isotropic 31PNMR signal (Fig. 1a) cannot be interpreted

unambiguously, but it is compatible with a cubic or inverted
micellar phase of DMPC. The reversed axially symmetric
signal at (Fig. 1b), however, is characteristic of a hex-nW\ 3
agonal phase.14h17 In view of the reduced hydration shell
around the lipid headgroups, we attribute this phase to an
inverted type. Although inverted lipid phases are not at allHIItypical for phosphatidylcholines, they have been observed at
temperatures above 100 ¡C in pure DMPC and DPPC under

Fig. 1 31P-NMR spectra of DMPC containing 5% FFA (top inset)
(aÈd), and of pure DMPC (eÈh). The hydration level is varied from

(a,e), 3 (b,f ), 4 (c,g) to 5 (d,h) water molecules per lipid, atnW\ 2
35 ¡C. Both samples undergo a lyotropic phase transition from a crys-
talline (broad, hatched component) to a Ñuid state (axially sym-LC L

ametric averaged 31P-NMR lineshape with peak to the right of 0 ppm).
Additionally, a hexagonal phase is formed in the FFAÈDMPC
mixture at a hydration level of around (narrow lineshape withnW\ 3
peak to the left of 0 ppm).
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conditions of low hydration.26h28 phases have even beenHIIreported at ambient temperature for mixtures of DMPC with
fatty acids36 or with gramicidin A37 at high solute concentra-
tions. Likewise, the current study shows that 5% of FFA is
sufficient to induce a considerable negative curvature in the
DMPC matrix when aided by the low hydration level of the
lipid headgroups.12

The e†ect of raising the temperature of the FFAÈDMPC
mixture containing the phase (Fig. 1b, with atHII nW\ 3,
35 ¡C) is illustrated in Fig. 2. Up to 45 ¡C (Fig. 2a,b) the HIIsignal increases linearly to about 33% of the total intensity. At
50 ¡C (Fig. 2c) a new fraction of an phase emerges addi-L

ationally, and at 55 ¡C (Fig. 2d) the whole sample has been
converted into Ñuid bilayers. This sequence is fully reversible
back to 35 ¡C and requires only a few minutes to regain its
equilibrium state, which we noted to be much faster than the
corresponding transition in pure DMPC whichL

a
] L

b
] LCtakes several hours. Compared to the main phase transition

temperature of fully hydrated DMPC at 23 ¡C, the sub-Tmstantial dehydration-induced shift by about 30 ¡C is plausible
in view of an empirical relationship previously reported for
DMPC.38 It has thus been demonstrated that below the
regular phase transition of DMPC (which occurs at around
50 ¡C at low hydration), FFA is able to induce an phaseHIIwith Ñuid lipid chains, in coexistence with the usual crystalline

phase. Such coexistence has so far only been described forLCdiacyl- and dialkyl-phosphatidylethanolamines.39
The question arises next, whether all the FFA guest mol-

ecules are accumulated in the phase or whether they areHIIdistributed throughout the lipid matrix. This point is
addressed by 19F-NMR measurements on FFA, providing a
complementary view on the mixed FFAÈDMPC system.22,25
Fig. 3 shows 19F-NMR spectra of 5% FFA in DMPC (nW\
3), below (Fig. 3a,c) and above (Fig. 3b,d) the phase transition
temperature of around 50 ¡C. The standard 1H-decoupledTm19F-NMR spectra of the lipid dispersion (Fig. 3a,b) are domi-
nated by both the chemical shift and the homonuclear dipolar
interactions of the The lineshape below (Fig.CF3-group. Tm3a) is signiÐcantly narrower than above (Fig. 3b). This qualit-
ative di†erence is consistent with the expected additional
motional narrowing in the putative phase due to molecu-HIIlar di†usion around the cylinder axes. The splitting in the
powder spectrum above (Fig. 3b) reÑects the homonuclearTmdipolar coupling within the but the contributingCF3-group,
lines are not well resolved.

Fig. 2 31P-NMR spectra of DMPC containing 5% FFA, hydrated
with and acquired at temperatures of 40, 45, 50 and 55 ¡CnW \ 3
(aÈd). The lipid reaches its main phase transition at around Tm\
50 ¡C, where the crystalline phase (broad, hatched component)LCchanges into Ñuid bilayers. Below an additional hexagonalL

a
Tm , HIIphase coexists with LC .

Fig. 3 19F-NMR single-pulse spectra of 5% FFA in DMPC, pre-
pared as non-oriented (a,b) and oriented (c,d) samples at low hydra-
tion Below the transition temperature of around 50 ¡C,(nW \ 3). Tmthe narrow featureless spectra (a,c) are consistent with a high degree of
motional averaging in a hexagonal phase. Above on the otherTm ,
hand, the chemical shift and dipolar coupling anisotropies dominate
the spectral lineshapes (b,d). When a macroscopically oriented sample
is prepared and aligned in the magnetic Ðeld, the spread of aniso-
tropies is removed and the lines are better resolved (d).

Better resolution in the 19F-NMR spectra is available from
uniaxially oriented membranes on glass plates, since a unique
value is selected from the range of the chemical shift aniso-
trophy and of the dipolar coupling are reduced to a unique
value when the sample normal is aligned parallel (a \ 0¡) to
the static magnetic Ðeld direction. The spectrum below Tm(Fig. 3c) is much narrower than the triplet at high temperature
(Fig. 3d), which is again consistent with additional motional
averaging of FFA in an phase. However, it appears thatHIIthe local tumbling of FFA, as deÐned by its residual align-
ment with respect to the neighbouring lipids, occurs around a
di†erent molecular axis (or to a di†erent extent) in the two
phases. If the molecules in the phase were only being aver-HIIaged by an additional rotation at right angle around the cylin-
der axes17 (besides their long-axial rotation), the dipolar
splittings of the two phases would di†er exactly by a factor of
[cos2(90¡) [ 1]/2\ [1/2. Instead, the dipolar splitting in the

phase is more than twice as large as the unresolved split-L
ating of the putative phase.HIIThe 19F-NMR data alone have not yet provided direct evi-

dence for a hexagonal or lamellar environment of FFA.
Nevertheless, they have proven that all FFA molecules experi-
ence the same lipid environment at temperatures approaching

since the 19F-NMR lineshape reÑects a single population.Tm ,
The transition temperature observed by 19F-NMR also coin-
cides with the transition described for the phos-LC ] HII] L

apholipid matrix by 31P-NMR (Fig. 2). Since the entire 19F
signal intensity is reshaped by the transition at we con-Tm ,
clude that the guest molecules are preferentially accommo-
dated in the phase rather than in the phase. Given thatHII LC5% (w/w) of FFA correspond to a molar lipid : solute ratio of
about 8 : 1, and having shown that up to 33% of the lipid
molecules are converted to the phase, this means that theHIIlocal lipid :solute ratio in the hexagonal cylinders is about
3 : 1. This high local concentration of FFA makes the forma-
tion of an inverted phase plausible, and the low water content
is furthermore expected to favour phase separation.40

Further resolution enhancement in static 19F-NMR spectra
of coupled spins can be achieved by combining the use of
oriented samples with a modiÐed CPMG experiment.19,24
CPMG-type spectra of the same oriented sample as above
(5% FFA in DMPC, are shown at temperaturesnW\ 3)
below (Fig. 4a) and above (Fig. 4b). Since the multipulseTmsequence removes any contributions from the chemical shift
and selects only the homonuclear dipolar couplings, even the
small dipolar splitting of 320 Hz in the putative phase isHIIvisible (Fig. 4a). Above (Fig. 4b) the large splitting of 3600TmHz is the same as in the single-pulse experiment (Fig. 3d), but
now the lines are much sharper. Based on these well resolved
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Fig. 4 19F-NMR spectra of 5% FFA in DMPC prepared as an
oriented sample at low hydration acquired with a modiÐed(nW \ 3),
CPMG experiment. With the aid of multipulse narrowing the dipolar
couplings are much better resolved (a,c) than in the conventional
spectra (cf. Fig. 3). The dipolar coupling in the hexagonal phase below

(a, 320 Hz) is smaller than in the lamellar phase above (b, 3600Tm TmHz). By changing the sample orientation (a \ angle of the sample
normal with respect to the magnetic Ðeld) from a \ 0¡ (a,b) to a \ 90¡
(c,d), it is possible to determine the axis around which FFA is being
motionally averaged. We Ðnd that below the this axis is aligned inTmthe plane of the sample (a,c), and above it is oriented perpendicularTmto the macroscopic support (b,d).

spectra, it is now possible to carry out an orientation-
dependent lineshape analysis of the macroscopically aligned
sample, as illustrated in Fig. 4c and d. By tilting the sample in
the magnetic Ðeld, the resulting changes in the lineshape can
be used to determine the angle between the molecular axis of
averaging and the sample normal, as described pre-
viously.32,33 The oriented 19F-NMR spectra of FFA in
DMPC are shown in Fig. 4a and b where the sample normal
is aligned parallel (a \ 0¡) to the magnetic Ðeld direction.
Comparison with the perpendicular sample alignment at
a \ 90¡ (Fig. 4c and d) demonstrates that the orientation of
the molecular axis di†ers for the two di†erent temperatures.
Lineshape analysis shows that, below the phase transition, the
FFA molecules are motionally averaged around cylindrical
axes which are aligned in-plane of the sample.25 This geo-
metrical interpretation is fully consistent with the hexagonal

Fig. 5 Logarithmic plot of SAXS amplitudes of DMPC containing
5% FFA, hydrated with recorded below (a) and above (b) thenW \ 3,
phase transition temperature. Below a lamellar phase coexistsTm , LCwith a hexagonal phase. Above both phases are converted intoHII Tm ,
a Ñuid phase. Small amounts of further putative hexagonal (ph)L

aand putative lamellar (pl) phases are noted.

Fig. 6 FreezeÈfracture EM of DMPC containing 5% FFA, hydrated
with and quenched from 35 ¡C. It shows lamellar fracture facesnW \ 3

in coexistence with bundles of hexagonally packed cylinders(LC) (HII).

lipid phase suggested above by 31P-NMR (Fig. 1 and 2).
Above on the other hand, the FFA molecules are averagedTmaround the macroscopic sample normal, as expected for the
liquid-crystalline environment of the lamellar phase.L

aIn parallel to the NMR experiments, SAXS and freezeÈ
fracture EM were used to conÐrm the occurrence of a hex-
agonal phase under appropriate conditions. A
temperature-dependent SAXS scan between 5 and 85 ¡C of an
FFAÈDMPC dispersion with revealed similarnW\ 3 H2Ostructural changes as observed by NMR. At temperatures well
below the overall chain-melting transition (e.g. at 15 ¡C, data
not shown), most of the sample exists in a lamellar phase with
a repeat distance of about 55 ^ 0.3 (Fig. 5a), which is identi-A�
cal to that of crystalline DMPC dihydrate.26 The correspond-
ing wide-angle di†raction data reveal three sharp reÑexes due
to the acyl chain packing, hence we identify this phase as LC ,
in agreement with the 31P-NMR data (Fig. 1 and 2).
Approaching the main phase transition (which is observed
here at an additional hexagonal phase emerges,Tm\ 55 ¡C),
which is clearly speciÐed by the 2nd and 3rd order reÑexes at
0.494 and 0.543 nm~1 (Fig. 5a). Its lattice constant of 40.6 isA�
in reasonable accord with literature data on related lipids.39
In the SAXS pattern obtained above (Fig. 5b), the hexago-Tmnal pattern has disappeared and the repeat distance of the
lamellar phase is decreased to about 45 The intensity of theA� .
higher-order reÑexes of the lamellar phase is signiÐcantly
reduced, thus conÐrming the formation of a Ñuid phase. ItsL

arepeat spacing agrees essentially with the di†raction data
reported on DMPC in excess water.41 The two weak reÑexes
at 0.31 and 0.27 nm~1 could not be unambiguously assigned,
and their coexistence with the other phases may reÑect a
certain degree of sample inhomogeneity. Their signatures are
consistent with a second putative hexagonal and another
putative lamella phase, which we termed ph and pl, respec-
tively, but any such interpretation has to be treated with great
caution. (The 0.31 nm~1 peak could be correlated with a very
weak 2nd order reÑex near 0.53, i.e. in a J3 distance ; the 0.27
nm~1 peak on the other hand has no accompanying J3
reÑex, but it could have a lamellar 2nd order reÑex at 0.54
nm~1 superimposed by the 3rd order peak of the phase.)LCIn summary, the X-ray data have conÐrmed the coexistence of
the lamellar and hexagonal lipid phases suggested by 31P- and
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19F-NMR, and their respective repeat distances are fully con-
sistent with the expected dimensions.

FreezeÈfracture electron micrographs were obtained from
the original NMR samples, by rapidly quenching from 35 ¡C.
The images in Fig. 6 reveal typical hexagonal structures in
coexistence with Ñat lamellar fracture faces, thus conÐrming
the solid-state NMR and X-ray data. We estimated the repeat
distance of the hexagonal patterns from the EM images to be
approximately 4 nm, which is in good agreement with the
X-ray results.

Conclusion
It has been demonstrated that the anti-inÑammatory drug Ñu-
fenamic acid is able to induce a hexagonal lipid phase in
DMPC at ambient temperatures under conditions of low
hydration Solid-state 31P-NMR was used to(nW\ 3 H2O).
describe the di†erent phases of the lipid matrix, 19F-NMR
revealed the behaviour of the guest compound, and the
sample morphology was examined by X-ray di†raction and
EM. These complementary methods yielded a consistent
picture, summarized in Fig. 7, where two coexisting LC ] HIIlipid phases are converted into an phase at around 50 ¡C.L

aAt ambient temperatures all FFA guest molecules are accom-
modated within the cylinders of DMPC, although at veryHIIlow temperatures they, too, seem to be adapted to an immo-
bile state. Several aspects of these observations are note-LCworthy : (A) Hexagonal phases do not usually occur in pure
phosphatidylcholines below 100 ¡C,26,28 and they are only
rarely observed in mixtures of DMPC with other com-
ponents.36,37 (B) A coexistence of Ñuid and crystalline
domains has so far only been reported for ethanolamines.39
(C) The unusual phase transition sequence canLC] HII] L

abe explained by a local phase separation into FFA-rich and
FFA-depleted domains.40 Taken together, it appears that the
resulting high local concentrations of FFA strongly a†ect the
lipidÈlipid interactions of DMPC, inducing a negative curva-
ture in the lipid matrix and leading to chain melting. FFA
must therefore be accommodated in the hydrophobic region
between the acyl chains, which is consistent with the proto-
nated state of this organic acid.

Fig. 7 Model of the behaviour of FFA in DMPC at low hydration.
At low temperature (a), 5% FFA are sufficient to induce the formation
of a Ñuid phase in about 1/3 of the lipid matrix. FFA is prefer-HIIentially incorporated into the cylinders, while the remaining lipidHIIpersists in the crystalline bilayers. At high temperature (b), all lipidLCchains are melted and the sample assumes a uniform phase.L

a

In addition to its generally accepted target cyclooxygenase,1
FFA has been previously shown to modulate the function
of various membrane-associated proteins, such as ion
channels2h7 and transporters.8,9 Besides binding to speciÐc
sites on membrane proteins, the high lipid solubility of FFA
raises the question whether it might exert further indirect
e†ects on these proteins via the bilayer. For example, the inhi-
bition of phospholipase by FFA10 has been attributed to aA2solute-induced accelerated transbilayer Ñip-Ñop of the lipids.11
Indeed, our observation of an FFA-induced phase inHIIDMPC lends support to this idea,42 since the transmembrane
exchange process is likely to involve inverted lipid phases as
intermediates.14,16,43,44 FFA is obviously not the only small
solute that can accelerate such exchange, but besides its intrin-
sic pharmaceutical activity the drug beneÐts from its easy
access to targets that are located both in the cell membrane
and in the cytosol. When the amphiphilic FFA molecules are
administered orally or topically in aqueous solution, they
appear to be able to di†use across and accumulate in cellular
membranes, and to traverse the stratum corneum or poten-
tially even the blood-brain barrier.

Acknowledgements
We thank Dr. M. Koch (EMBL outstation at DESY in
Hamburg) for guiding the SAXS measurements and
HASYLAB for Ðnancial support. The DFG is gratefully
acknowledged for promoting this cooperation between pro-
jects TP A1, B10 and B13 within the SFB 197.

References
1 M. Ouellet and M. D. Percival, Biochem. J., 1995, 306, 247.
2 H. Kankaanranta and E. Moilanen, Mol. Pharmacol., 1995, 47,

1006.
3 N. Parij, A.-M. Nagy, P. Fondy and J. Neve, Eur. J. Pharmacol.,

1998, 352, 299.
4 H. Kankaanranta, M. Luomala, O. Kosonen and E. Moilanen,

Brit. J. Pharmacol., 1996, 119, 487.
5 H. D. Dahlem, H. C. Englert and H. J. Lang, FEBSGo� gelein,

L ett., 1990, 268, 79.
6 T. Weiser and M. Wienrich, Nauyn-Schmiedeb. Arch. Pharmacol.,

1996, 353, 452.
7 C. Eder, R. Klee and U. Heinemann, J. Neurosci., 1998, 18, 7127.
8 S. Masuda, H. Saito and K.-I. Inui, J. Pharmacol. Exp. T herap.,

1997, 283, 1039.
9 J.-L. Cousin and R. Motais, Biochim. Biophys. Acta, 1982, 687,

147.
10 M. K. Jain and D. V. Jahagirdar, Biochim. Biophys. Acta, 1985,

814, 319.
11 M. K. Jain, D. V. Jahagirdar, M. Van Linde, B. Roelofsen and H.

Eibl, Biochim. Biophys. Acta, 1985, 818, 356.
12 P. R. Rand and V. A. Parsegian, in L ipid Polymorphism and

Membrane Properties, ed. R. M. Epand, Academic Press, New
York, 1998, p. 167.

13 J. H. Crowe and L. M. Crowe, Biol. Membr., 1984, 2, 57.
14 S. Hui, T. P. Steward, P. L. Yeagle and A. D. Albert, Arch.

Biochem. Biophys., 1981, 207, 227.
15 P. R. Cullis and M. J. Hope, Biochim. Biophys. Acta, 1980, 597,

533.
16 P. R. Cullis and M. J. Hope, Nature, 1978, 271, 672.
17 J. Seelig, Biochim. Biophys. Acta, 1978, 515, 105.
18 C. North and D. S. CaÐso, Biophys. J., 1997, 72, 1754.
19 A. Nordon, E. Hughes, R. K. Harris, L. Yeo and K. D. M. Harris,

Chem. Phys. L ett., 1998, 289, 25.
20 P. Tang, B. Yan and Y. Xu, Biophys. J., 1997, 72, 1676.
21 Y. Xu, T. Seto, P. Tang and L. Firestone, Biophys. J., 2000, 78,

746.
22 A. S. Ulrich, in Encyclopedia of Spectroscopy and Spectrometry,

ed. J. Lindon, G. Tranter and J. Holmes, Academic Press, New
York, 2000, p. 813.

23 S. A. Carss, U. Scheler, R. K. Harris, P. Holstein and R. Fletton,
Magn. Reson. Chem., 2000, 34, 63.

24 S. L. Grage and A. S. Ulrich, J. Magn. Reson., 1999, 138, 98.
25 S. L. Grage and A. S. Ulrich, J. Magn. Reson., in press.
26 R. H. Pearson and I. Pascher, Nature, 1979, 281, 499.

4578 Phys. Chem. Chem. Phys., 2000, 2, 4574È4579

Pu
bl

is
he

d 
on

 2
3 

A
ug

us
t 2

00
0.

 D
ow

nl
oa

de
d 

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

16
/0

9/
20

16
 2

1:
53

:5
4.

 
View Article Online

http://dx.doi.org/10.1039/b003902k


27 A. Tardieu, V. Luzzati and F. C. Reman, J. Mol. Biol., 1973, 75,
711.

28 W. and H. H. Mantsch, Biophys. J., 1991, 59, 1261.Hu� bner
29 H. W. Meyer, K. Semmler, W. Rettig, W. Pohle, A. S. Ulrich,

S. L. Grage, C. Selle and P. J. Quinn, Chem. Phys. L ipids, 2000,
105, 149.

30 A. S. Ulrich, M. Sami and A. Watts, Biochim. Biophys. Acta, 1994,
1191, 225.

31 A. S. Ulrich and A. Watts, Biophys. J., 1994, 66, 1441.
32 A. S. Ulrich and A. Watts, Solid State NMR, 1993, 2, 21.
33 A. S. Ulrich, A. Watts, I. Wallat and M. P. Heyn, Biochemistry,

1994, 33, 5370.
34 M. H. J. Koch and J. Bordas, Nucl. Instrum. Methods, 1983, 208,

461.
35 C. Selle, W. Pohle and H. Fritzsche, Mikrochim. Acta, 1997,

Suppl. 14, 449.
36 J. Erbes, R. Winter and G. Rapp, Ber. Bunsen-Ges. Phys. Chem.,

1996, 100, 1713.

37 H. Tournois, C. H. J. P. Fabrie, K. N. J. Burger, J. Mandersloot,
P. Hilgers, H. van Dalen, J. de Gier and B. de Krui†, Biochem-
istry, 1990, 29, 8297.

38 J. R. Scherer, M. K. Go and S. Kint, J. Phys. Chem., 1974, 78,
1304.

39 J. M. Seddon, G. Cevc, R. D. Kaye and D. Marsh, Biochemistry,
1984, 23, 2634.

40 G. Bryant, J. Pope and J. Wolfe, Eur. Biophys. J., 1992, 21, 223.
41 M. J. Janiak, D. M. Small and G. G. Shipley, J. Biol. Chem., 1979,

254, 6068.
42 R. Zidovetzki, in L ipid Polymorphism and Membrane Properties,

ed. R. M. Epand, Academic Press, New York, 1998, p. 225.
43 P. R. Cullis and Be de Krui†, Biochim. Biophys. Acta, 1979, 513,

31.
44 R. N. A. H. Lewis, D. A. Mannock and R. N. McElhaney, in

L ipid Polymorphism and Membrane Properties, ed. R. M. Epand,
Academic Press, New York, 1998, p. 25.

Phys. Chem. Chem. Phys., 2000, 2, 4574È4579 4579

Pu
bl

is
he

d 
on

 2
3 

A
ug

us
t 2

00
0.

 D
ow

nl
oa

de
d 

by
 P

en
ns

yl
va

ni
a 

St
at

e 
U

ni
ve

rs
ity

 o
n 

16
/0

9/
20

16
 2

1:
53

:5
4.

 
View Article Online

http://dx.doi.org/10.1039/b003902k

