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www.rsc.org/

extensively explored through SAXS, NMR and DSC experiments. The results mimic those obtained with anaesthetics in

phospholipid/water systems. They also mimic the behavior and microstructure of ternary mixtures of membrane mimetic,

bilayer-forming double chained surfactants, oils and water. Taken together with recent models for conduction of the

nervous impulse, all hint at lipid involvement and an underlying unity in mechanisms of pheromone, anaesthetic and

hydrophobic drugs, where a local phase change in the lipid membrane architecture may be at least partly involved in the

transmission of the signal.

1. Introduction

Light detection with fireflies, chemical pheromones, general
and local anaesthetics, cationic surfactants as
immunosuppressants, cationic polymers as poisons and muscle
relaxants, and other drugs, all involve interactions with the
membrane of the nerve axon. The phase changes induced in
the lipid membrane are all reversible. At least partly, the
mechanisms must be physical, not only biochemical.!

The implications are that induced microstructure provides a
unified mechanism that interplays with several biophysical
processes such as nerve conduction, anaesthetics and
pheromone activities.

The outline of this paper is as follows:

We briefly recall in the Introduction the implication of phase
changes in anaesthetics and pheromone activity and we
shortly present the experimental approach of this work. We
then report our results on the uptake of a highly hydrophobic
molecule into a biomimetic lipid bilayer and the resulting
phase changes that occur. At the end, we discuss the
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experimental results in the light of a combined mechanism,
that at least partly involves physical chemistry and not only
biochemistry.

1.1 Anaesthetics

If the lipid phase transition model captures some essentials of
mechanism, and specifically, involves a cubic-lamellar phase
transition, then the action of anaesthetics may be at least
partly attributed to changes in membrane structure induced
by adsorption of a hydrophobe.

The mechanism by which general anaesthetics operate is still
unknown and controversial.”?

Neither the Meyer-Overton rule (or lipid theory), nor the
protein theory can explain satisfactorily all the experimental
evidence.> The former is based on the general hydrophobic
nature of anaesthetics, that results in their great solubility in
the hydrocarbon chain pocket. The latter is based on the
evidence that anaesthetics bind specifically with proteins such
as serum albumin and adenylate kinase, and activate receptors
or ion channels. The interaction of different local and general
anaesthetics with vesicles*® and planar bilayers7'8 supported
on solid substrates has been approached in previous
contributions. The interested reader can refer to some
relevant reviews on the subject.g'12 Here we just recall that (i)
the effect of anaesthetics seems to be related to the hydration
of biomembranes,13’14 (ii) effective anaesthetics (e.g. CHCI3)
need to be at least slightly polar to reside close to the interface
of the bilayer,3’13'15'32 (iii) the active molecule directly interacts
with the membrane lipids, and thus modifies the fluidity, the
curvature and phase structure of the bilayer which in turn
alters the conformation and functional performances of ion
channels, receptors and more in general of transmembrane
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. 3,1622 . . . .
proteins, (iv) finally according to a more recent view,

certain membrane proteins are clustered in cholesterol-rich
“lipid rafts”, i.e. transient micro-phase separated domains in a
liguid ordered phase (L,), with characteristics intermediate
between those of a gel and of a liquid-crystalline phase, in
coexistence with a fluid-like liquid disordered phase (L[,|).23'24 In
passing we recall that the effect of small hydrophobic
chemicals such as chloroform or diethyl ether on phospholipid
model membranes has been the object of a great number of
works as for example in Refs. 22 and 26.

Probably the origin of the anaesthetic action is manifold and
there is no single switch to induce anesthesia. As clinical
experiments suggest, multiple neurotransmission factors
respond to anesthetics with high cooperativeness, and
presumably the lipid rearrangement is one of them.?®

1.2 Pheromones

Pheromones are molecules that are produced by one
individual and act as ectohormones to hijack behavior when
detected by another member of the same species.33 Several
pheromones, particularly those produced by insects, are lipid
molecules such as ketones, aldehydes and fatty acids,>* more
or less volatile.® Usually volatile pheromones are detected by
olfactory receptors, while low- or non-volatile pheromones are
detected via contact chemosensory receptors distributed
across the body.35 In particular queen pheromones, that signal
the presence of a fertile queen and induce daughter workers
to remain sterile as in bees, termites, ants, etc., contain both
volatile and non-volatile c.:omponents.36 The way pheromones
work is the object of several studies. Recently it was found that
free fatty acids act as ligands for gypsy moth's pheromone and
control their adsorption on hydrophobic surfaces.”’

The work in this paper explores the phase behavior of
hydrophobic pheromone/phospholipid mixtures in water
dispersions. We note that there is no difference in the
chemistry of pheromone or anaesthetic molecules. We deduce
that there is nothing magic with either in their influence in
modifying the lipid membrane nanostructure. That
observation sits well with the known fact that pheromones in
excess do behave as anaesthetics.*®

With these premises we decided to explore membrane
changes induced by an anaesthetic-like pheromone. The
molecule chosen was 1,7-dioxaspiro[5.5]Jundecane or “olean”
(Figure 1), the major component of the sex pheromone of the
olive fly (Bactrocera oleae Gmelin). According to some
preliminary tests, olean is a potent killer for other insect
species (e.g. mosquitoes) at relatively high concentration (data
to be published). In any event, we have reasonable
expectations that any pheromone induced phase behavior
may well mimic that of anaesthetic molecules and provide
hints at mechanism for both.

1.3 Experimental approach

In order to investigate in detail the phase changes induced in a
biomimetic lipid bilayer by the presence of a pheromone, we
performed small angle X-ray scattering (SAXS), differential
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scanning calorimetry (DSC) and multinuclear magnetic
resonance spectroscopy (NMR) experiments on a series of
samples containing an aqueous dispersion of
dioleoylphosphatidylcholine (DOPC), and increasing amounts
of olean. Moreover, dispersions of DOPC in deuterated water,
with different concentrations of olean, were prepared and
studied through 2H-NMR. In addition, aqueous dispersions of
DOPC containing deuterated cyclohexane (d,,) were prepared
and investigated. Since the deuterated form of olean is not
commercially available, and because of its cyclic structure and
similar polarity, cyclohexane was chosen to mimic the
pheromone molecule.

2. Experimental section
2.1 Chemicals

1,7-dioxaspiro[5.5]Jundecane or “olean” (Figure 1),
purchased from Alfa Aesar (Heysham, United Kingdom; purity

> 98%) and used without further purification.

was

(R) (S)

Figure 1. Chemical structure of 1,7-dioxaspiro[5.5] undecane (“olean”).

Dioleoylphosphatidylcholine (DOPC) was supplied by Avanti
Polar Lipids (Birmingham, Alabama) and used without further
purification. Cyclohexane-d,, and deuterium oxide were
supplied by Sigma-Aldrich (Milan, Italy) and used as received.
Samples Preparation

A 60% w/w stock dispersion of DOPC/H,0 and of DOPC/D,0
(mole ratio 1:30) was prepared. At this concentration and at
25° C the system forms a lamellar phase.39 The samples were
annealed through repeated heating-cooling cycles, then
centrifuged and stirred. The same treatment was applied to
the samples containing the hydrophobe, either the
pheromone or cyclohexane-d,,, with a hydrophobe/DOPC
mole ratio ranging between 0:1 and 10:1. All the samples were
left to equilibrate for a week in a refrigerator before
performing the experiments. All samples at all concentrations
were — at least macroscopically - homogeneous. No phase
separation was ever detected after the sample preparation.
2.2 NMR

31P, 2H, 3¢ and 'H-NMR spectra were acquired on a Varian
Infinity Plus 400 spectrometer, working at a Larmor frequency
of 161.94, 61.41, 100.58 and 400.03 MHz for *'P, °H, **C and
'H, respectively, equipped with a 5-mm goniometric probe.

The 90° pulse duration for 31P, 2H, 3¢ and 'H was 3.0, 3.5, 4.0
and 4.4 ps, respectively. All the spectra were acquired in static
conditions. *'P spectra were acquired with 31p direct excitation
with high power decoupling from 'H, with a recycle delay of 5
s, and accumulating 2048 transients. 2H spectra were acquired
with the quadrupolar echo pulse sequence (90° - @ - 90°, -
— acquisition), with a B of 20 Bs, a recycle delay of 2.5 s, and
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accumulating 32768 transients. 3¢ direct excitation spectra
were acquired using a DEPTH pulse sequence for eliminating
the probe background signal,40 with high-power decoupling
from protons, using a recycle delay of 3 s, and accumulating
4096 transients. 'H T, were measured with the saturation
recovery sequence, with delays varying from 0.01 to 30 s. H T,
were measured with the inversion recovery sequence with
delays varying from 0.1 to 2 s. 31p spectral simulations were
performed using the WSOLIDS software developed in the
group of Roderick Wasylishen.41 31P, ’H and C chemical shifts
were referred to phosphoric acid (85 wt%, 0 ppm), D,O (0
ppm) and dodecane as secondary reference, respectively, and
they were referred to TMS as primary reference. All
experiments were carried out at 25° C.

2.3 SAXS

Small angle X-Ray scattering (SAXS) measurements were
carried out with an HECUS SWAX-camera (Kratky) equipped
with a position-sensitive detector (OED 50M) containing 1024
channels of width 54 @m. Cu Ko radiation of wavelength, A=
1.542 A, was provided by a Seifert ID-3003 X-ray generator
(sealed-tube type), operating at a maximum power of 2 kW. A
10 @m thick nickel filter was used to remove the Cu Kf
radiation. The sample-to-detector distance was 273 mm. The
volume between the sample and the detector was kept under
vacuum during the measurements to minimize scattering from
the air. The Kratky camera was calibrated in the small angle
region using silver behenate (d = 58.38 /"-\).42 Scattering curves
were obtained in the Q-range between 0.01 and 0.54 A-1, Q
being the scattering vector 4mn(sin0)/A, and 20 the scattering
angle. Paste-like samples were filled into a 1 mm demountable
cell having kapton-film as windows. The temperature was
controlled by a Peltier element, with an accuracy of £0.1 °C. All
scattering curves were corrected for the empty cell
contribution considering the relative transmission factor. SAXS
curves were iteratively desmeared using the procedure
reported by Lake.®

2.4 DSC

Differential scanning calorimetry (DSC) runs were performed
with a Q1000 (TA Instruments) apparatus using aluminum
hermetic pans. For each phase transition the peak
temperature and the corresponding enthalpy change (AH)
were evaluated. The samples were purged with N, (50 mL min
Y. The temperature investigated ranged between —60 °C and
40 °C, at a heating rate of 2 °C min’. A slower scan rate did not
modify the thermogram profile.

3. Results and discussion
3.1 SAXS

SAXS measurements (Figure 2) confirm that a 60% w/w
dispersion of DOPC in water, our biomimetic lipid bilayer,
consists in a lamellar phase (L,) with a spacing d = 51.50 A

When the pheromone is uploaded to a 1:1 mole ratio the SAXS
pattern still indicates the presence of a lamellar phase, but

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. SAXS profiles of a pure 60% w/w DOPC aqueous dispersion (@), and at
different pheromone/DOPC mole ratios: 1:1 (H), 2:1 (), 4:1 (A), 6:1 (V¥), and 10:1

(®). The asterisks denote the peaks due to the inverse hexagonal phase.

0.4

with an increment in the d spacing up to 53.07 A (squares in
Figure 2).

Figure 3 shows the SAXS profile for a pheromone/DOPC mole
ratio of 2:1, suggesting the coexistence of lamellar (L) and
inverse hexagonal (H,) phases. This result will be confirmed by
3p NMR experiments (see below).

For a pheromone/DOPC mole ratio of 4:1 the SAXS profile
indicates the presence of an inverse hexagonal phase with a
spacing of 64.10 A (up-pointing triangles in Figure 2)

A further increment in the pheromone concentration induces a
reduction in the extension of the ordered domain and in the d
spacing, down to 62.12 A for a mole ratio of 6:1 and 60.46 A
for a mole ratio of 10:1. The broadening of the peaks reflects a
significant loss in the long range structure.

L 1 L I 1
lam

Intensity (arb. units)

0.1 0.2 0.3
a(ah)
Figure 3. SAXS profile for 60 % w/w DOPC aqueous dispersion containing a 2:1
pheromone/DOPC mole ratio. The peaks typical of a lamellar (lam) and of an inverse

hexagonal (hex) phase are indicated.

Table 1 summarizes the DOPC/water phases observed for the

different pheromone/DOPC mole ratios (c) and the
corresponding  spacings (d) obtained from = SAXS
measurements.
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Table 1. d spacings (in A) and phase description for the investigated
DOPC/water/pheromone samples at different pheromone/DOPC mole ratios (c).

c d(A) phase
0:1 51.5 Ly
11 53.1 Ly
2:1 55.3 Ly
2:1 66.5 Hu
4:1 64.1 Hu
6:1 62.1 Hu
10:1 60.5 Hu

Figure 4 and 5 show the structure of a L, and of a Hy phase,
respectively,
calculated from the experimental spacings d, indicated as d,,,
and dy., for the L, and H, phase, respectively, according to
equations 1-9.%

and the structural parameters that can be

db dhc dlam

Figure 4. Structure of a lamellar (L,) phase. dp, is the experimental spacing
directly obtained from SAXS measurements (see Table 2). dy, is twice the length of
the hydrocarbon chains, dy is twice the length of the entire phospholipid, d.q is the
thickness of the water pool, and d, is the thickness of the polar region (including
the two facing layers of polar heads). Ap is the polar head cross section. dy, dy, dag,
d, and A, can be obtained from dim through equation 1-5. Adapted with
permission.** Copyright 1994, Elsevier Ltd.

Figure 5. Structure of an inverse hexagonal phase (H;). diex is the experimental
spacing directly obtained from SAXS measurements (see Table 3). R,q is the radius
of the water inner pool, R, is the radius of the hydrophilic compartment, including
the thickness of the polar head, d,, is the distance between the centers of two
diagonal cylinders, s is the center-to-center distance between two adjacent
cylinders, and d, is given by dpc and twice the thickness of the polar head. R.q, Ry,
dm, s and d. can be obtained from dpex through equation 6-9. Adapted with
permission.* Copyright 1994, Elsevier Ltd.

_ UtCUppe _
db - Vag +V1+CVphe dlam - ¢dlam (1)
_ 2(vl+cv,,,w)
4, = =2 2
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dp. = Z(th:l'wphe) 3)
P
daq =digm — dy (4)
2(vgqt+
dp — (”: vp) (5)
P
— Zdhex
s="7 (6)
2d},,(1-¢)
Rog = [~ 7
dL =S— ZRaq (8)

dyn = 2 (55— Rag) (9)
v, is the volume of one phospholipid molecule, ¢is the volume
fraction of the phospholipid and the pheromone, v,, is the
volume of water per phospholipid molecule, v, is the volume
of the hydrocarbon chains, v, is the volume of the
pheromone, c is the pheromone/DOPC mole ratio and v, the
volume of the polar part.44 Since the pheromone molecules
are completely soluble in an apolar solvent such as n-decane,
we assume that they are located in the hydrophobic portion of
the bilayer and of the inverse hexagonal phase. Moreover,
since the olean molecule is hindered and stiff, we assume that
once in the lamellar or in the inverse hexagonal phase, it will
retain its molecular volume as in the pure liquid state. For the
calculations, the molecular volume of water is taken as 30 Al
at 20 °C and the number of hydration molecules around the
DOPC polar heads is 9. The volume of a single DOPC molecule
(vy) is 1290 A3, the volume occupied by the polar head (v,) is
374 A3, while that occupied by the hydrophobic chains (v..) is
916 A%.*** The volume of a pheromone molecule in the liquid
state (vpne) was calculated from its density and is 254 A2,
Table 2 and 3 list the structural parameters and the volume
fractions for the samples investigated.
The data obtained for pure DOPC/water agree with those
reported in the literature. 3
The uptake of the pheromone molecules brings about an
increment of 4 A in d,. spacing as a consequence of the thicker
hydrophobic portion of the lipid bilayer in the lamellar phase.
In fact d,, and d;, increase, while d,, and d, decrease.

Table 2. Structural parameters for the lamellar phase (see Figure 4) at two different
pheromone/DOPC mole ratios (c) calculated according to equations 1-5.

c b dam(B) () AR dog(B)  dp(A)  dnc(A)
0:1  0.8269 515 426 60.6 8.9 213 302
11 0.8512 53.1 45.2 68.4 7.9 188 342

Table 3. Structural parameters for the inverse hexagonal phase (see Figure 5) at
different pheromone/DOPC mole ratios (c) calculated according to equations 6-9.

c [ dhex (A) s(A) Ra(A)  di(A)  du(A)
4:1 0.8952 64.1 74.0 12.6 488 60.3
6:1 0.9125 62.1 717 11.1 495 60.6
10:1 0.9341 60.5 69.9 9.4 51.1 619

This journal is © The Royal Society of Chemistry 20xx
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aqueous pool

Figure 6. Inverse hexagonal array in the aqueous dispersion of DOPC after the uptake
of the pheromone molecules (in green). The dark blue spots represent the polar
heads of the phospholipid, while the light blue regions indicate the inner water pool,
the yellow layers are the hydrophobic portion of the nanostructure, and the red area
is the inter-cylinder region occupied by the pheromone molecules.

In the case of the inverse hexagonal phase (Figures 5 and 6)
the further addition of pheromone to the sample with a
pheromone/DOPC mole ratio (c) of 4:1 reduces the thickness
dhex and the distance between the centres, s, of the cylinders
of about 4 A (see Table 3).

This change produces a more compact structure, with a
reduction of the water pool size from 12.6 to 9.4 A. On the
other hand, the distance d,, increases from 60.3 to 61.8 A.
These results suggest that the pheromone molecules occupy
the cavity between the cylinders, as shown in , with a
significant stabilization of the structu re.”’

For c greater than 10:1 the amount of pheromone is so large
that it cannot be dispersed into the cavities, and the sample
looses its long range structure, as suggested by the broad peak
in the SAXS pattern (diamonds in Figure 2).

3.2DSC

The thermograms of the investigated DOPC/water/pheromone
samples show the presence of two peaks during the cooling
and two peaks during the heating scan. In order to avoid
problems related to overcooling effects, we have considered
only the heating peaks (see Figure S1 in the ESIT).

In the case of a 60% aqueous dispersion of DOPC the liquid
crystal-lamellar phase transition (L.-L,) is found at —16.8 °C,
with a corresponding enthalpy change of about 35.0 kJ mol
1Dopc (Figure 7). These values agree with those reported in the
literature for a water/DOPC mole ratio of 30.3% The melting
of water in the pure DOPC aqueous dispersion occurs at —0.2
°C (Figure 7).

10.0
2200 |
0.0
3 " =A0
ovﬂ-40.0 °c
i -10.0
=
-60.0 > | 200

00 20 40 60 8.0
¢ (mol/mol)

Figure 7. L-L, phase transition temperature (Tyans, red line), and water melting
temperature (T,q, blue line) as a function of the pheromone/DOPC mole ratio (c). The
error bars represent the standard deviation.

This journal is © The Royal Society of Chemistry 20xx

As reported by Ulrich the sub-zero melting of the phospho-
lipid’s acyl chains occurs in the presence of frozen ice, instead
of liquid water.* This is the reason why the thermal behavior
of unsaturated lipids differs from that of saturated lipids. In
turn, when ice melts around 0° C the unsaturated hydrophobic
tails are in a liquid state (L, phase). This occurrence, together
with the thermally induced fluctuations and ondulations in the
bilayer brings about an increment in the head group cross
section that results in a lowering of the chemical potential of
the hydrating water molecules that reside near the bilayer
interface.®*9*! Hence, the water melting point decreases and
the polar heads undergo relatively small conformational
adjustment.39’52 Furthermore, the addition of the hydrophobic
pheromone to the DOPC dispersion increases the disorder in
the hydrophobic layer and therefore the L. — L, phase
transition temperature decreases. Further additions of
pheromone induce the formation of the H, phase and lower
the L, = H, transition temperature.53

The water melting temperature remains almost constant (see
the blue line in Figure 7) up to the 1:1 pheromone/DOPC mole
ratio, and then decreases down to -19.4° C. We recall that
water pore-confined into the rod-like micelles of the H, phase
freezes below 0 °C.>*

The enthalpy change (AH,,,,s) associated to the L.-L, transition
does not vary significantly until a pheromone/DOPC mole ratio
of 8:1 is reached, where a cubic phase is formed, as indicated
by the NMR measurements (see below).

3.3.NMR

NMR experiments were performed on DOPC/D,0/pheromone
and DOPC/H,0/cyclohexane-d;, samples, as a function of the
pheromone and of the deuterated cyclohexane concentration.

3.3.1*'PNMR

31p static spectra allow a straightforward determination of the
chemical shift tensor of >'P nuclei, that are particularly
effective  in identifying the phases formed in
phospholipid/water dispersions.‘r"r”56

The spectra recorded for the pure DOPC/D,O dispersion and
after the uptake of different amounts of pheromone are
reported in Figure 8 along with the corresponding spectral
simulations: the spectral parameters obtained from the
simulations are reported in Table 4.

The lineshape of the spectrum for the DOPC/D,0 system
clearly indicates the presence of a single L, phase,‘r"r”56
confirming the SAXS results. By adding increasing amounts of
pheromone the 3p spectrum remains substantially unchanged
up to a pheromone/DOPC mole ratio 0.5:1. For the 1:1 ratio a
very small amount of a second phase is revealed by the small
signal at about 10 ppm. This signal becomes more evident at
higher pheromone amounts. The spectral parameters obtained
by simulation clearly indicate that this second phase is an
inverse hexagonal phase H,. At much higher pheromone
contents (5:1 ratio) the H, phase coexists with an isotropic
inverse cubic I, phase, which gives rise to the narrow isotropic
signal superimposed to that of the H, phase. The same

J. Name., 2013, 00, 1-3 | 5
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experiments were performed on the DOPC/H,0/cyclohexane-
d,, system. DOPC/H,O gave exactly the same spectrum as
DOPC/D,0.

a) b)
pheromone:DOPC
5:1
2:1
1:1
0.5:1
0.2:1
0.1:1 o
0l S N,
f T T T T T T ! T T T T l
30 0 -30 30 0 -30
ppm ppm
<) d)
Hll L I_Ill Ill
— T —— T
30 0 30 30 0 -30
ppm ppm

Figure 8. Upper part: experimental (left) and simulated (right) 3p NMR spectra of
60% w/w DOPC/D,0 dispersion with different concentrations of pheromone. Lower
part: simulated *'P NMR spectra of two DOPC/D,0/pheromone samples highlighting
the spectral contributions of Ly, Hy and I, phases.

The uptake of cyclohexane-d;, had a very similar effect on the
phase behavior of the whole system, with the onset of an Ly-H,
transition for the sample with a 1:1 mole ratio (2% of H,,
regularly increasing at higher cyclohexane amounts), in perfect
agreement  with  the results obtained for the
DOPC/D,0/pheromone samples (spectra not shown). The only
difference between the two sets of samples is that no isotropic
I, phase formed even at an 8:1 pheromone/DOPC mole ratio
appears. The strong likeness of the phase behavior of these
two sets of samples further supports the choice of cyclohexane
as a deuterated hydrophobic model molecule for mimicking

the effects produced by the pheromone.

Table 4. Phase formed, its percentage and chemical shift tensor & parameters of the
corresponding DOPC *'P sites in 60% w/w DOPC/D,0 dispersions containing different
amounts of pheromone, as obtained from simulations of the experimental 3p NMR
spectra. The chemical shift parameters are indicated according to the Herzfeld-Berger
convention:” 61,2 65,2 633 (in ppm) are the principal values of the & tensor, Q (ppm) =
811 - 633, 8150 (PpmM) = (611 + 827 + 633)/3, k = 3(622 - 6150)/€2. The uncertainties on the
values of percentages, &;s0 and Q are 1, +0.1 and +0.1, respectively.

c phase % of phase Q (ppm) diso (ppm) k
0:1 L 100 46.8 0.1 E]
0.1:1 Lo 100 465 0.2 1
0.2:1 L 100 46.2 0.1 1
05:1 L 100 465 0.2 1
Lo 98 46.4 0.2 1

11 Hu 2 212 11 1
L 53 46.8 03 1

21 Hu 47 231 02 1
_ Hu 79 20.9 14 1
51 Iy 21 - 13 -

6| J. Name., 2012, 00, 1-3
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3.3.2 3c NMR

B¢ static spectra were recorded in order to study the
structural and dynamic properties of the phospholipid chains.
The spectra of DOPC/D,0/pheromone samples, reported in
Figure 9, show a very good resolution. They were recorded
under static conditions, which means that the residual
chemical shift anisotropy (CSA) of the 3¢ nuclei is very small
and that, therefore, both the pheromone and the phospholipid
chains are in quite mobile environments.
1,2-dioleoyl-sn-glycero-3-phosphatidylocholine (DOPC):

HC .y
HIfC/N\SZ/C

pheromone:

pheromone:DOPC

200 150 100 50 0
ppm

Figure 9. Bc spectra, recorded with high-power decoupling from H nuclei, of 60% w/w
DOPC/D,0 dispersion with different concentrations of pheromone (reported in figure as
pheromone:DOPC mole ratios), with peak assignment.

The linewidth of the phospholipid chain signals is further
reduced at high pheromone content (5:1 ratio), in agreement
with the formation of the isotropic I,, phase, observed from 3p
NMR spectra. We note that, due to the presence of the C=0
carbonyl groups and of the C=C double bond, carbons 1, 9, and
10 (peaks at about 175 and 133 ppm) have a higher CSA, and
show an inversion in the chemical shift tensor symmetry in
passing from the 1:1 to the 2:1 ratio, in agreement with the L,-
H, transition.

Another interesting feature is the isotropic chemical shift of
the carbon of the terminal methyl group of DOPC chains, that
resonates at 15.3 ppm in the DOPC/D,0 dispersion: by
increasing the amount of uptaken pheromone the chemical
shift regularly decreases down to 14.4 ppm in the sample with
the 5:1 pheromone/DOPC mole ratio. The same effect was
observed in the samples where deuterated cyclohexane
replaced the pheromone (spectra not reported), suggesting
that in both cases the uptaken molecules reside close to the
terminal groups of the DOPC chains. This particular situation
forces DOPC in the L, phase to progressively remove the
interdigitation of the two aliphatic layers. This result is in good
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agreement with the SAXS data, that indicate an increment in
the d spacing of the lamellar phase with increasing pheromone
concentrations. This mechanism favours the transition to the
H, phase, where the uptaken molecules are moved to the
hydrophobic cavities.

3.3.3.’HNMR

Static spectra. ’H static spectra are very sensitive to the
dynamic situation of deuterium nuclei and, in particular, to the
rate and geometry of the motions involving the rigid fragment
which the deuterium nucleus belongs to. In this study, H
spectra were recorded for the DOPC/D,0O/pheromone and
DOPC/H,0/cyclohexane-d;, mixtures with the twofold goal of
obtaining dynamic information on the water and on the
hydrophobic molecules.

The spectra recorded for the DOPC/D,0/pheromone samples
are shown in Figure 10 (left).

The spectrum obtained in the absence of pheromone shows a
quite “anomalous” lineshape: indeed, this is different from
those previously reported in the literature for an L, phase with
a similar DOPC/D,0 molar ratio (1:24),58 arising from the
superposition of an isotropic peak of extra-lamellar water and
a Pake pattern due to inter-lamellar one. However, in contrast
with these findings, Zhou - mainly through 'H maAs spectra -
found that all the water is inter-lamellar up to a DOPC/H,0
ratio of 1:40.>°

Nonetheless, our spectrum could arise from the presence of
water molecules in different situations, for instance more
strongly or loosely bound to the phospholipid heads,
substantially non-exchanging on the NMR time scale. The same
effect on the NMR spectrum could also arise from a non-
uniform distribution of inter-lamellar spacings. Another
explanation is the presence of a slightly defective lamellar
phase, in which some lamellae could have finite dimensions or
some “holes”, as observed in surfactant/water systems,so'61 or
in which the bilayers could have a slight curvature, similarly to
what observed in the “ripple” phase of phospholipid/water
systems.62 In any case these effects could be due to the fact
that the sample did not completely reach the “equilibrium”
state.

All this considered, it must be noted that after adding a small
amount of pheromone to the DOPC/D,0O system a substantial
change in the 2H lineshape is observed. In particular it

a) b)
pheromone:DOPC CyH-d,,:DOPC
8:1
5:1
5:1
2:1
2:1
1:1
0.5:1
0.2:1 1
0.1:1 '0 )
1:0.
0:1 1901
[ I 1 [ I !
25 0 2.5 3 0 3

kHz kHz
Figure 10. °H NMR spectra of: (left) 60% w/w DOPC/D,0 dispersion with different
concentrations of pheromone; (right) 60% w/w DOPC/H,0 dispersion with
Thdifferent concentrations of cyclohexane-ds,.

becomes a Pake pattern, typical of inter-lamellar water
molecules in the L, phase, indicating that such phase reached a
complete equilibrium. The narrow peak superimposed to the
Pake pattern is very weak and must be ascribed to condensed
water vapor from moisture in the sample tubes. Therefore, in
any case, no extra-lamellar water is detected, in agreement
with Zhou® and in disagreement with Volke.”® The addition of
further amounts of pheromone does not produce any relevant
change in the 2H lineshape up to the transition to the H, phase
occurs, as observed by 31p. This causes an overall reduction of
the linewidth and a progressive decrease of the Pake pattern
associated with the L, phase. This pattern is completely absent
in the spectrum of the sample with the 5:1 ratio, which arises
from the superposition of an anisotropic lineshape due to the

H,, phase and an isotropic peak due to the |, phase, in
agreement with the 31p results.
The spectra recorded for the set of samples

DOPC/H,0/cyclohexane-d,, are reported in Figure 10 (right).
The lineshape obtained at the lowest concentrations arises
from the partially anisotropic average of the quadrupolar
interaction due to three different fast motions: rotation about
the C; symmetry axis, tumbling of this axis respect to the local
phase director (normal to the surface of the double layer), and
chair-chair interconversion.®®> The experimental quadrupolar
splitting corresponds to an order parameter of -0.037, which
indicates that the C; symmetry axis tends to have a slight
preferential orientation perpendicular to the double layers.
The order parameter obtained is in agreement with those
reported for the terminal ends of the phospholipid chains in
the double Iayers,64 confirming that the cyclohexane molecules
are located near the methyl end groups of the hydrocarbon
chains, as already inferred from the B¢ spectra. At higher
cyclohexane concentrations an isotropic peak progressively
rises, becoming the only peak when the cyclohexane:DOPC
mole ratio is 5:1. This is in agreement with the location of
cyclohexane molecules within the hydrophobic cavities in the
H, phase, where they no longer have a preferential orientation
and can experience isotropic reorientational motions.

3.3.4. Spin-lattice relaxation times

Additional information on the dynamic behavior of water
molecules, and in particular on motions with characteristic
frequencies of the order of tens of MHz, could be obtained by
measuring H spin-lattice relaxation times (T;)® in the
DOPC/D,0/pheromone samples. The trend of H T, vs.
temperature for DOPC/D,0 is reported in Figure 11a.

The relaxation time regularly increases with increasing
temperature, clearly indicating that the motions contributing
to the relaxation are in the fast motional regime (characteristic
frequencies larger than H Larmor frequency, here 61.4 MHz).
Hence the decreasing trend detected for this relaxation time
with increasing pheromone content (Figure 11b) reflects a
decrease in the motional characteristic frequency. Therefore
larger amounts of pheromone produce a reduction in the
mobility of water molecules. This is in good agreement with
the reduction of the inter-lamellar layers with increasing
pheromone content observed by SAXS (see Table 4).
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Figure 11. °H spin-lattice relaxation time T; of: (a) deuterated water in a 60 % w/w
DOPC/D,0 dispersion, as a function of temperature; (b) deuterated water in a 60%
w/w DOPC/D,0 dispersion, at room temperature, as a function of the concentration
of uptaken pheromone; (c) of cyclohexane-d;, (indicated as CyH-dy,) in 60 % w/w
DOPC/H,0 dispersion, at room temperature, as a function of cyclohexane-d;,

concentration.

On the other hand, the measurement of °H T, for the
DOPC/H,0/Cyclohexane-d;, samples provides some
information on the dynamics of the host molecule and of the
aliphatic chains of the phospholipid. Figure 11c shows that the
relaxation time

increases with the amount of uptaken
cyclohexane, indicating an increased characteristic frequency
of the motion contributing to T, that should correspond to an
increased mobility of the aliphatic phospholipid chains, in
agreement with the results obtained from the e spectra.

4. Conclusions

The uptake of a very hydrophobic guest (1,7-
dioxaspiro[5.5]undecane or “olean”) by a DOPC/water lamellar
phase was investigated through SAXS, DSC and NMR. The
results of this multidisciplinary investigation indicate that the
addition of the hydrophobe has a significant impact on the
phase structure of the lipid bilayer, bringing about a L,-H,

8| J. Name., 2012, 00, 1-3

phase transition followed by a H,-I;, phase change. NMR results
confirm the hydrophobe in the phospholipid chains domains,
and in particular in proximity to the terminal methyl groups.
The phase changes induced by the uptake of the hydrophobe
also a slowing down in the water reorientational motions and
a lowering in its freezing temperature, both related to an
increasing water confinement.

SAXS data confirm the structural changes detected by NMR
experiments. DSC scans indicate that the L.-L, phase transition
and the water melting change, depending on the uptake of
olean into the DOPC/water nanostructure.

In conclusion, these results seem to confirm that the
penetration of a strong hydrophobe (in this case a pheromone)
in a biomimetic lipid bilayer (DOPC/water) has profound
consequences on the packing of the lipid molecules in the self-
assembly, and also on the distribution and properties of the
hydration water molecules. Actually the packing change of the
lipid and the properties of the aqueous pool seem to be two
intertwined phenomena that mutually affect one another.
More work is needed to deepen this important issue.

These findings point out that the interplay of phase changes
and variation in the hydration of the lipid polar head groups
can be - at least partly - involved in the mechanism that drive
the nerve conduction process in all the natural and
physiological cases in which it is at work.
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