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Pressure induces interdigitation differently in DPPC and DPPG
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Abstract The phase behaviours of chain-perdeuterated
dipalmitoylphosphatidylcholine (DPPC-ds;) and chain-
perdeuterated dipalmitoylphosphatidylglycerol (DPPG-dq,)
bilayers were compared using “H nuclear magnetic reso-
nance spectroscopy and quadrupole echo decay measu-
rements over pressures ranging from ambient to 196 MPa
and temperatures ranging from 60 to —25°C. At ambient
pressure, the phase behaviours of DPPC-dg, and DPPG-dg,
were nearly identical. At 196 MPa, their behaviours were
also very similar and both lipids appeared to pass from an
interdigitated gel phase at high temperature, through a non-
interdigitated gel phase at intermediate temperature, to a
chain-immobilized ordered phase at low temperature. At
85 MPa, the behaviour of DPPC-dg, was similar to its
ambient pressure behaviour with no evidence of interdigi-
tation. For DPPG-dg,, however, the behaviour at 85 MPa
was similar to its higher pressure behaviour and spectra
characteristic of an interdigitated gel phase were observed.
Pressure-temperature phase diagrams for both lipids were
compared. While the minimum pressure for DPPC-dg;
interdigitation is about 150 MPa, DPPG-d,, was observed
to interdigitate at pressures as low as 60 MPa. Given the
similarity of their phase behaviours at both higher and lower
pressures, this difference reflects the extent to which bilayer
phase behaviour depends on the balance between interac-
tions in the headgroup and hydrocarbon regions of the
bilayer.
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DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
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Introduction

The physical properties of phospholipid bilayers and
membranes are determined by a variety of interactions
between system components. Information about these
interactions gained from studies of how phospholipid
bilayers respond to changes in hydrostatic pressure com-
plements and extends what is learned from studies at
ambient pressure. Within the liquid crystalline phase,
increasing pressure increases average chain order and so
that the bilayer response to pressure is anisotropic (Bra-
ganza and Worcester 1986a, b; Driscoll et al. 1991a; Bonev
and Morrow 1997b). Pressure also raises the main transi-
tion temperature of phospholipids bilayers and can induce
transitions to ordered phases that are not accessible at
ambient pressure. For single-component bilayers, the sen-
sitivity of bilayer properties to pressure varies with chain
length, degree of chain unsaturation, and headgroup. In
mixed bilayers, pressure can both amplify and reduce
differences between components.

Pressure-temperature phase diagrams for bilayers
of dipalmitoylphosphatidyl-choline (DPPC) have been
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determined using a variety of techniques including neutron-
scattering (Braganza and Worcester 1986a; Winter and
Pilgrim 1989), vibrational spectroscopy (Wong et al. 1988),
H NMR (Driscoll et al. 1991b), optical transmission
(Kaneshina et al. 1992; Maruyama et al. 1997), volumetric
measurements (Bottner et al. 1994) and synchrotron X-ray
diffraction (Czeslik et al. 1998). In the DPPC phase diagram
reported by Braganza and Worcester (1986a, b), the tem-
perature for the main transition between the DPPC liquid
crystalline or L, bilayer phase and the more ordered gel
phase increases with pressure at 0.23°C/MPa. A curved
boundary separates a region of interdigitated gel at high
pressure from the liquid crystalline phase at higher tem-
perature and lower pressure and from the non-interdigitated
gel at lower temperature and lower pressure. The minimum
pressure on the interdigitated gel boundary, about 150 MPa,
occurs at about 60°C. A similar minimum pressure for DPPC
interdigitation was reported from neutron scattering results
(Winter and Pilgrim 1989). Other studies have suggested
minimum interdigitation pressures for DPPC as low as
100 MPa (Driscoll et al. 1991b; Maruyama et al. 1997). In
this work, we follow the convention of labelling the inter-
digitated gel phase as Ly (Winter and Pilgrim 1989).

In addition to Lg;, the ambient pressure rippled gel phase
Py and the ambient-pressure planar gel phase Ly, Wong
et al. (1988) identified three additional high pressure
ordered phases, GIII, GIV, and GV, using vibrational
spectroscopy. Depending on how pressure and temperature
is varied, transitions between the high-pressure ordered
phases can be slow and the some of the ordered phases can
be difficult to distinguish with some techniques.

At neutral pH, the zwitterionic DPPC headgroup is polar
but neutral. Dipalmitoylphosphatidylglycerol (DPPG) dif-
fers from DPPC only in the substitution of a glycerol
moiety for choline in the headgroup. At neutral pH, the
DPPG headgroup carries a negative charge. At ambient
pressure and in the absence of divalent cations such as
calcium, the phase behaviour of DPPG is nearly identical
to that of DPPC suggesting that the main liquid crystal to
gel bilayer transition in these systems is more sensitive to
interchain interactions than to the effects of headgroup
charge. Differences between interactions involving the
zwitterionic phosphocholine (PC) headgroup and the
anionic phosphoglycerol (PG) headgroup do, however,
affect bilayer properties in other ways. For example, Pabst
et al. (2007) recently reported that the chain lengths for
which disaturated lipids display a propensity to interdigi-
tate are smaller for PGs than for PCs.

In this study, we have used ’H-NMR spectral lineshapes
and quadrupole echo decay times to compare the responses
of chain-perdeuterated DPPC (DPPC-dg;) and chain-per-
deuterated DPPG (DPPG-dg;) bilayers to pressures up to
196 MPa.
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Materials and methods
Sample preparation

DPPC-dg;, and DPPG-dg, were purchased from Avanti
Polar Lipids (Birmingham, AL) and used without further
purification. Samples were prepared by dissolving 25—
30 mg of dry lipid powder in ethanol. The solution was
then placed in a round-bottom flask from which the solvent
was removed by heating to 40°C on a rotary evaporator.
The sample was then maintained under vacuum for 12 h to
remove residual solvent. The dry lipid was hydrated and
removed from the wall of the flask by adding ~200 pl of
0.1 M phosphate buffer (pH 6.9-7.0) to the flask and then
rotating it while holding the temperature at ~45°C. Sam-
ples were then spun briefly in a benchtop centrifuge to
facilitate removal of excess buffer after which they were
sealed into a flexible capsule formed by heat-sealing the
ends of a short segment cut from a disposable polyethylene
pipette.

Deuterium NMR

Wideline deuterium NMR observations were performed
using a locally-constructed spectrometer and a 3.55 T
superconducting solenoid (Nalorac Cryogenics, CA) in
conjunction with variable-pressure wide-line NMR probe
(Bonev and Morrow 1997a). The sample capsule and coil
were inserted into a beryllium-copper cell that could be
pressurized with hydraulic oil (AW ISO grade32). Pres-
sures were measured using a Bourdon tube gauge that was
previously calibrated against a dead-weight gauge.
Sample temperatures were controlled to +0.1°C using a
microprocessor-based PID controller in conjunction with a
thermocouple sensor embedded in the wall of the pressure
cell. Samples were allowed to equilibrate at each temper-
ature for at least 30 min before the start of data acquisition.
Spectra were obtained using a quadrupole echo pulse
sequence (Davis et al. 1976) with a n/2 pulse length of
3.5 ps and pulse separations of 35-40 ps. Each spectrum
was obtained by averaging 4,000-8,000 transients using
quadrature detection with repetition times of 0.5-0.6 s.
Oversampling (Prosser et al. 1991) was used to obtain
effective dwell times of 4 ps for liquid crystalline samples
and 2 ps for ordered phase samples. To facilitate first
moment determination, spectra were symmetrized by phase
correcting the free induction decay and then zeroing the
imaginary channel before Fourier transforming. For echo
decay measurements, echo amplitudes were measured with
typical pulse separations of 35, 75, 100, 150, 200, 300 and
400 ps for samples with longer echo decay times and 35,
50, 75, 100, 150, 200, and 300 ps for samples with shorter



Eur Biophys J (2008) 37:783-792

echo decay times. Average echo decay times were obtained
by plotting the logarithm of the echo amplitude versus
twice the pulse separation and inverting the slope of the
initial decay.

Results and discussion

Figure 1 shows deuterium NMR spectra for DPPC-dg, and
DPPG-dg, bilayers at ambient pressure, 85 and 196 MPa.
Spectra were collected from high to low temperature.
Figure 2 shows the temperature dependence of first
moments, M, for these spectra where

:fooowf(w) dw
I f(w) do

and the intensity of a spectrum is represented by flw).

For ambient pressure and 85 MPa, the high temperature
spectra for both lipids indicate a liquid crystalline (L,)
bilayer phase. These spectra are superpositions of doublets
reflecting axially symmetric molecular reorientation about
the bilayer normal on a timescale shorter than ~ 1075 s,
the characteristic time for acquisition of the free induction
decay for these experiments. The prominent edges of each
doublet arise from molecules reorienting about bilayer
normals that are perpendicular to the applied magnetic
field. The splitting of a given doublet is proportional to the
orientational order parameter, Scp = <3 cos? 0 — 1>/ 2
where 0 is the angle between the CD bond and the axis
about which the molecule is reorienting and the average is
over motions of the CD bond that modulate the quadrupole
interaction with correlation times that are short relative to
~107° (Davis, 1983). The distribution of splittings in a
given liquid crystalline spectrum reflects the dependence
of orientational order on position along the deuterated
hydrocarbon chain. The largest splittings correspond to the
portion of the chain closest to the headgroup where
motions are most constrained. For methylene segments
near the headgroup end of the acyl chains, orientational
order changes slowly with position along the chain and a
plot of orientational order parameter versus position along
the chain displays a plateau. Doublets with the smallest
splittings correspond to deuterated methylene segments
near the bilayer centre where chain reorientation is least
constrained. The first spectral moment, M, is proportional
to the average, taken over all chain deuterons, of the ori-
entational order parameter in the axially symmetric phase
and provides a useful indication of average chain order at
lower temperatures where the spectral contributions from
individual chain deuterons cannot be resolved.

At ambient pressure, both lipids display a sharp transi-
tion from the liquid crystalline phase (L,) to a gel phase.
For DPPC-dg;, the transition occurs between 37 and 36°C.
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Fig. 1 *H NMR spectra at selected temperatures for a DPPC-dg, at
ambient pressure, b DPPG-dg, at ambient pressure, ¢ DPPC-dg, at
85 MPa, d DPPG-dy, at 85 MPa, e DPPC-dg, at 196 MPa, and
f DPPG-d,, at 196 MPa

For DPPG-dg;, the transition is about 1°C lower. The gel
phase spectra are characteristic of more ordered chains
reorienting on a timescale longer than the characteristic
deuterium NMR timescale. The ambient pressure M, data
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Fig. 2 Temperature dependence of the 2H-NMR first spectral
moment (M;) for a DPPC-ds; and b DPPG-dg, bilayers at open
circles ambient pressure, open squares 85 MPa, and open triangles
196 MPa

plotted in Fig. 2 show that the discontinuities in average
chain order at the main ambient pressure transitions of the
two lipid systems are effectively indistinguishable.

For DPPC-d,, the phase immediately below the main
transition is a rippled gel phase, Py. Between 29 and 26°C,
there is a transition to a more planar gel phase, Ly, in
which molecules are tilted with respect to the bilayer
normal (Janiak et al. 1976). Spectra in the Py phase are
characterized by sloping shoulders and a methyl compo-
nent characterized by two slightly different splittings
(Westerman et al. 1982; Davis 1983; Vist and Davis 1990).
In the Ly phase, the intensity drops off more smoothly
from the centre to the wings of the spectrum and the methyl
feature is wider and less structured (Vist and Davis 1990).
Near the Py — Ly transition, the differences between the
Py and Ly spectra can be small. We will refer to a gel
phase when no distinction is intended.
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As temperature is lowered further at ambient tempera-
ture, the spectra from both lipid bilayer samples display
increasing intensity near +63 kHz. This reflects the grad-
ual transformation to a phase in which the hydrocarbon
chains are effectively immobilized on the deuterium NMR
timescale so that the effective axis of symmetry for the
quadrupole interaction of each deuteron lies along the
carbon-deuterium bond. The resulting spectrum reflects
the full quadrupole interaction and is typical of the subgel
or lamellar crystalline (Lc) phase (Davis 1979; Chen et al.
1980; Nagle and Wilkinson 1982; Morrow et al. 1992). In
this phase, fast rotation about the methyl group axis
reduces the splitting for the methyl deuterons at the chain
ends by about a third and accounts for the prominent fea-
ture between +18 kHz. The lipid chain reorganization
associated with the gel to L¢ transition is typically very
slow (Nagle and Wilkinson 1982). Even with equilibration
times of an hour or more before acquisition of the spectrum
at a given temperature, this transition, as reflected by the
ambient pressure spectra in Fig. 1, occurs over a broad
temperature range starting near —1°C and extending to
below —11°C for both lipids.

At 85 MPa, the spectra for both lipid systems reflect
transitions from the L, phase to ordered phases at effec-
tively identical temperatures of 57°C. For DPPC-dg,, the
ordered phase below this transition appears to be the gel
(Pp) phase seen at ambient pressure. For DPPG-dg,
however, the spectra just below the transition reflect a
bilayer phase that is more ordered than the corresponding
Pg phase of DPPC-ds,. The M data plotted in Fig. 2 for
85 MPa shows that the discontinuity in average chain order
at the main transition for that pressure is larger for DPPG-
dep than for DPPC-dg, suggesting that the main transition
at this pressure is sensitive to the difference in headgroup
charge of these two lipids.

The DPPG-ds, spectrum just below the transition at
85 MPa (Fig. 1d) displays prominent shoulders near
+30 kHz. These are more pronounced than in the Pg
spectrum and the splitting of the methyl feature is larger
than in the Pg spectrum. A carbon-deuterium bond
undergoing axially symmetric reorientation about an axis
with the angle between the bond and that axis constrained
to be close to 90° would give rise to a Pake doublet with
the prominent edges split by about 66 kHz. The DPPG-d,
spectrum just below the 85 MPa transition in Fig. 1d thus
reflects a bilayer state in which chains are highly ordered
and reorienting about the bilayer normal but with a corre-
lation time that is too long for the reorientation to be axially
symmetric on the characteristic time scale (~ 1072 s) of the
deuterium spectral acquisition time. The chain orienta-
tional order reflected by this spectrum is higher than
in the Py phase. For DPPC-ds,, similar spectra were ob-
served (Driscoll et al. 1991b; Bonev and Morrow 1998) at
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pressures and temperatures for which neutron diffraction
studies (Braganza and Worcester 1986a) previously indi-
cated the interdigitated gel phase (Lg) of DPPC. The
higher orientational order reflected by the spectrum with
prominent shoulders near +30 kHz is consistent with
the motional constraints expected near the centre of an
interdigitated gel bilayer and we have assumed that iden-
tification in what follows. It should be noted, however, that
this spectral shape cannot be exclusively associated with an
interdigitated phase and that similar shapes have been
reported for other bilayer phases in which with high ori-
entational order reorient about the bilayer normal. For
example, the spectral shape identified here as indicative of
an interdigitated phase is superficially similar to spectra
reported for DPPC-dg; bilayers containing 5-6 mole per-
cent cholesterol at 36°C (Vist and Davis 1990). At that
cholesterol concentration, the DPPC-dg, acyl chains are
more highly ordered than the normal gel but their reori-
entation is less axially symmetric than is observed in the
cholesterol-rich liquid-ordered phase.

For DPPC-dg,, the 85 MPa spectra in Fig. lc evolve
from being characteristic of Py at 41°C to being more
characteristic of Lg at 26°C but it is difficult to identify a
transition temperature from either the spectra or the first
moments. For DPPG-dg,, the spectra at 85 MPa (Fig. 1d)
gradually change from being characteristic of the inter-
digitated gel, Lg, just below to the main transition to being
more characteristic of Ly at 11°C but again it is difficult to
identify a transition temperature from either the spectra or
the first moments (Fig. 2b).

As temperature is reduced further, the 85 MPa spectra of
both DPPC-dg, (Fig. 1c) and DPPG-dg, (Fig. 1d) again
develop significant intensity near £63 kHz indicating
onset of the transition into the Lc phase. For both DPPC-
ds» and DPPG-dg,, growth of the prominent spectral edges
near £63 kHz is again spread over a range of more than
10°C. For DPPC-dg,, comparison of the spectra in Fig. la
and ¢ and comparison of the ambient pressure and 85 MPa
first moments in Fig. 2a suggests that the broad transition
into the Lc phase at 85 MPa is shifted upwards by about
10°C relative to the ambient pressure transition. For DPPG-
dg>, there is less shift of this transition between ambient
pressure and 85 MPa.

At 85 MPa, the behaviours of DPPC-dg, and DPPG-dg,
differ in the sequence of gel phases between the main
transition and the onset of the chain immobilization in the
Lc phase. For DPPC-dg, at 85 MPa (Fig. 1c), the sequence
of phases observed on cooling from above the main tran-
sition is the same as at ambient pressure. The transition
from liquid crystalline (L,) to gel (Py) occurs between 58
and 57°C and a transition from gel (L) to lamellar crys-
talline (Lc) begins near 11°C and continues to below
—1°C. The Pg—Lg transition occurs between 40° and 30°

but is difficult to localize more precisely from inspection of
the gel phase spectra.

For DPPG-dg, at 85 MPa (Fig. 1d), the spectrum
changes gradually from being characteristic of the inter-
digitated gel phase (Lg) to characteristic of the chain-
immobilized (Lc) phase as the sample is cooled from below
the main transition. The shoulders near 30 kHz persist to
at least as low as 29°C and the edge at +63 kHz charac-
teristic of the Lc phase develops significantly between —1
and —11°C. At 85 MPa, the spectra for DPPG-dg; at 17°C
and for DPPC-dg, at 11°C are very similar suggesting that
DPPG-dg, changes from the interdigitated Lg; phase back
to a normal gel phase before ordering into the subgel or L¢
phase on further cooling. For DPPC, which interdigitates at
higher pressure, most reported phase diagrams show a
transition from the interdigitated gel phase to a phase that
has variously been identified as simply gel (Braganza and
Worcester 1986a; Winter and Pilgrim 1989), Lg (Ichimori
et al. 1998), or the higher-pressure GIII phase (Wong et al.
1988; Dirscoll et al. 1991b). The sequence of phases
encountered on cooling DPPG-dg, at 85 MPa from the L,
thus appear to be qualitatively similar to those encountered
on cooling DPPC at higher pressure.

At 196 MPa, the behaviours of the two lipids are again
similar. At 60°C, the highest temperature for which spectra
were obtained, both lipids display spectra with prominent
shoulders near 30 kHz. DPPC is known to interdigitate at
this temperature and pressure (Braganza and Worcester
1986a) and the 60°C spectra of both lipids in Fig. le and f
are similar to those previously reported for DPPC-dg;
under conditions of temperature and pressure consistent
with interdigitation (Driscoll et al. 1991b; Bonev and
Morrow 1997b). This comparison confirms the identifica-
tion of these spectra as indicative of interdigitation and
indicates that both lipids are in interdigitated (Lg) gel
phases at 196 MPa and 60°C.

Spectral indications of interdigitaiton persist down to
about 30°C for both lipids (Fig. le and f). For both lipids,
onset of the transition into the L phase, as indicated by the
development of significant intensity near £63 kHz, occurs
between 10 and 4°C. Both lipids appear to pass through a
non-interdigitated gel phase between the Ly and L¢ phases.
As noted above, the phase seen on cooling DPPC, at high
pressure, from the interdigitated phase into a non-inter-
digitated gel phase has been identified as either Ly or GIII.
Differences in the spectral shapes for these phases are
small (Driscoll et al. 1991b; Bonev and Morrow 1997b).

The phase behaviour described above is also reflected by
the temperature dependence of quadrupole echo decay
times for the two lipid samples at different pressures. In a
quadrupole echo experiment, dephasing of the precessing
deuteron magnetization following an initial pulse is
reversed by a second pulse at time 7 and an echo is formed
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at time 2t. The amplitude of the echo reflects the extent to
which the orientation-dependent quadrupole interaction has
been left unchanged by molecular motions during this time.
The rate with which the signal from a given deuteron
decays with increasing 27 is a superposition of contribu-
tions, R;, from all motions, indexed by i, that modulate the
quadrupole interaction for that carbon-deuterium bond. The
contribution to the echo from a given deuteron then decays
with a characteristic time T = (3,R;) .

A particular motion, i, can be characterized by its cor-
relation time, 7.;, and the second moment of that part of the
quadrupole interaction modulated by that motion, AM,;. A
motion can be classified as fast or slow based on com-
parison t.; with (AM,;)~ " (Bloom and Sternin 1987). For
a particular fast motion, the contribution to echo decay
rate, R;, is proportional to AM,;t.; (Abragam 1961; Bloom
and Sternin 1987). For slow reorientations, R; o< t_;' (Pauls
et al. 1985). Echo decay in the L, phase is affected by slow
motions, like bilayer undulations, and faster motions like
reorientation about the bilayer normal (Bloom and Sternin
1987; Bloom and Evans 1991; Stohrer et al. 1991).

At the main transition from L, to a more ordered gel
phase, the correlation times for all motions increase. A
motion that is slow in the liquid crystalline phase will also
be slow below the transition. Its contribution to the echo
decay rate will be proportional to ;' above and below the
transition and will thus decrease on cooling through the
transition. If a particular motion is fast in the liquid crys-
talline phase, so that R; e« 1, its contribution to the echo
decay rate will generally increase at the transition. Below
the transition, though, there are two possibilities for how
such a motion will contribute to echo decay. If the increase
in correlation time at the transition moves the motion from
the fast to the slow motion regime, its contributions to echo
decay will decrease as temperature is further reduced. The
increase in echo decay time normally observed with
decreasing temperature just below the liquid crystal to gel
transition likely reflects the slowing of motions such as
molecular reorientation about and with respect to the
bilayer normal (Kilfoil and Morrow 1998). On the other
hand, internal molecular motions may remain in the fast
motion regime below the transition. In this case, the con-
tribution to echo decay rate will continue to increase as
temperature is reduced and the total echo decay rate will
pass through a minimum at a temperature below which the
remaining fast internal motions will dominate.

Figure 3 shows echo decay times corresponding to the
ambient pressure, 85 and 196 MPa series of DPPC-dg;
and DPPG-dg, spectra in Fig. 1. At ambient pressure, the
echo decay times for DPPC-dg, (Fig. 3a) and DPPG-d;
(Fig. 3b) depend similarly on temperature. This tempera-
ture dependence is typical of saturated-chain lipid bilayers
at ambient pressure (Simatos et al. 1990; Weisz et al. 1992;
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Fig. 3 Temperature dependence of the quadrupole echo decay time
for a DPPC-d, at ambient pressure, b DPPG-dg, at ambient pressure,
C DPPC-d62 at 85 MPa, d DPPG-d62 at 85 MPa, e DPPC-dGZ at
196 MPa, and f DPPG-dg, at 196 MPa

Kilfoil and Morrow 1998; Morrow et al. 2004). In the
liquid crystalline phase, the contributions to the echo decay
rate from slow motions decreases as the temperature is
reduced while the contributions from faster molecular
motions, such as reorientation about the bilayer normal,
increase with decreasing temperature. The resulting
superposition is roughly independent of temperature in the
liquid crystalline phase. At the transition to the gel phase,
the contributions from faster molecular motions increase
discontinuously and the observed echo decay rate drops
sharply. Below about 20°C, the contributions to the echo
decay rate from the fast internal motions become signifi-
cant and the echo decay times pass through a maximum
and begin to drop with decreasing temperature.

At 85 MPa, the behaviours of the quadrupole echo
decay times for the two lipids are different. For DPPC-dg,
(Fig. 3c), the behaviour at 85 MPa is qualitatively similar
to that seen at ambient pressure except for a shift in main
transition temperature and an increase in the width of
the peak in echo decay time below the transition. The
spreading of this peak across a wider temperature range
implies that the corresponding minimum in echo decay rate
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is broader and shallower and thus that the freezing out of
both fast and slow motions below the transition occurs
more slowly with decreasing temperature than at ambient
temperature.

For DPPG-dq, at 85 MPa (Fig. 3d), the maximum echo
decay time is higher and occurs about 10° lower than for
DPPC-dg,. One particularly striking difference is the
reduced dependence of the DPPG-dg, echo decay time on
temperature near the onset of the transition to the L phase
as the temperature is lowered. The result is a plateau-like
feature in the echo decay time curve between 0 and —10°C.

The increase in echo decay time on cooling of the sample
from just below the main transition temperature to the echo
decay time peak, near 20°C for DPPG-dg, at 85 MPa,
reflects freezing out of motions that are in the slow regime
just below the main transition. For temperatures below the
echo decay time peak and, particularly, at the temperature
of the plateau in Fig. 3d, echo decay is dominated by
residual fast internal molecular motions, such as trans-
gauche isomerization, for which R; o< 7.;. The shape of the
echo decay time curve between 20 and —20°C in Fig. 3d
thus suggests that for at least one fast motion, AM,;7
increases more quickly from 20°C to 0°C (between Lg and
the onset of the L phase transformation) than it does from 0
to —20°C (during development of Lc phase order).

Comparison of Fig. 3c and d shows that, at 85 MPa, the
peak in the echo decay time curve for DPPG-dg; is higher
and occurs at lower temperature than for DPPC-dg;. This
indicates that the temperature at which the fast motions
begin to dominate echo decay at 85 MPa is slightly lower
for DPPG-dg, than for DPPC-dg,. This also suggests that,
for any temperature below the main transition at 85 MPa,
AMy;t.; for a given DPPG-dg, fast motion is smaller than
the contribution to echo decay rate from a corresponding
DPPC-dg, fast motion.

At 196 MPa, the plots of quadrupole echo decay time
versus temperature for DPPC-dg, (Fig. 3e) and DPPG-dg,
(Fig. 3f) are very similar and, except for the shift expected
due to the pressure dependence of the main phase transi-
tion, also very similar to the plot for DPPG-dg, at 85 MPa
(Fig. 3d). In particular, these plots display a reduced sen-
sitivity of quadrupole echo decay time to temperature over
the range for which the spectra develop significant intensity
near £63 kHz. This indicates that the characteristic shape
of the echo decay time curves in Fig. 3d, e, and f reflects
the sequence of high pressure phases going from Lg to L¢
and that the observed shape is not specific to one of the two
lipid species studied.

A more detailed understanding of the difference between
the ambient pressure and high pressure behaviours of
ordered phase quadrupole echo decay time would require
additional experiments, perhaps with specifically-deuter-
ated lipids. However, comparison of Fig. 3a, b and ¢ with

Fig. 3d, e and f does suggest that the phase that occurs on
cooling from the Lg; phase to the Lc phase at high pressure,
for both lipids, can be distinguished from the Ly phase that
occurs on cooling from the Py phase to the Lc phase at
ambient pressure. This would be consistent with reports of a
distinct phase, labelled GIII, in this portion of the phase
diagram (Wong et al. 1988; Driscoll et al. 1991b).

Based on both spectra and quadrupole echo decay time
observations, DPPC-dg, and DPPG-dg, behave similarly at
ambient pressure. Their behaviours at 196 MPa are also
similar and distinct from their ambient pressure behaviours.
At 85 MPa, the behaviour of DPPC-dg, is more charac-
teristic of its ambient pressure behaviour and the behaviour
of DPPG-dg, is more characteristic of its higher pressure
behaviour.

One of the most striking of these observations is that the
interdigitated gel phase of DPPG-dg, appears to be stable at
lower pressure than the corresponding phase of DPPC-dg;.
This presumably reflects differences between the two lipids
having to do with interactions at their membrane surfaces.
In order to more fully characterize this difference, spectra
for both systems were collected while varying pressure at a
series of fixed temperatures separated by 5° and ranging
from 5 to 60°C.

Figure 4 shows DPPC-ds, and DPPG-dg, spectra at
selected pressures for 55 and 40°C. At 55°C, DPPC-dg,
(Fig. 4a) undergoes a transition from L, to gel (Pp) as
pressure is increased from 83.1 to 97.9 MPa. As pressure is
raised beyond 100 MPa, the spectral shape changes grad-
ually to that of the interdigitated Lg; phase. For DPPG-dg,
at 55°C, the observed transition is directly from L, to Lg.
At 40°C, DPPC-dg, (Fig. 4c) again transforms from L, to
Py and then to Lg as pressure is increased. The L, to Py
transition is at lower pressure than for 55°C. DPPG-dg, at
40°C (Fig. 4d) also passes through the Pg phase before
transforming to the Lg; phase as pressure is raised.

Figure 5 shows DPPC-dg, and DPPG-dg, spectra at
selected pressures for 35, 20 and 5°C. At 35°C, both lipids
are in the Pg phase at ambient pressure. The DPPC-ds;
spectra (Fig. 5a) gradually change as pressure is raised but
remain largely characteristic of Pg at 165 MPa. The
DPPG-dg, spectra (Fig. 5b) develop shoulders character-
istic of the Lg phase for pressures above 55.9 MPa. At
20°C, both lipids (Fig. 5c, d) are in a gel phase at ambient
pressure. The spectra become increasingly characteristic of
Lp as pressure is raised. The development of intensity near
463 kHz suggests that both lipids are close to the transi-
tion into Lc at high pressure. At 5°C, the spectra of both
lipids (Fig. Se, f) have some intensity near +63 kHz at
ambient pressure and the spectra become increasingly
characteristic of the L phase as pressure is raised.

In order to summarize these observations, each spectrum
collected in this study was inspected and classified as
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Fig. 4 *H NMR spectra at selected pressures for a DPPC-d, at 55°C, 125 125
b DPPG-d, at 55°C, ¢ DPPC-dy; at 40°C, and d DPPG-dj, at 40°C 5P 104
96.5 83.4
82.7 69.6
characteristic of L,, Lc, Lg, or gel. While it was possible to 70.3 :
distinguish Py, Ly, and perhaps even GIII near extremes of 552 414
their ranges, it was difficult to reliably identify transitions 42,1 27.6
between these phases on the basis of spectral differences 12§: 13.8
and they were classified collectively as gel. The spectral 0'1
Changes On mOVIHg from L[}I to gel and from gel to LC Were | .| I L1l I 1111 I 111 I J I I | I | | I | | I | . |
also gradual but usually could be localized to within a few -50 0 50 -50 0 50
spectra in a given isothermal or isobaric series. The results Frequency (kHz) Frequency (kHz)

are summarized as pressure-temperature diagrams in
Fig. 6. The isobaric and isothermal spectral series gave
consistent results at ambient pressure. At high pressure, the
gel to L transitions indicated by the isobaric series
occurred at lower temperatures than were inferred from the
isothermal series. Reorganization of the lipid chains into
the subgel or Lc phase is known to proceed very slowly
(Nagle and Wilkinson 1982; Morrow et al. 1992) and
discrepancies between isothermal and isobaric observations
of this transition are not surprising.

@ Springer

Fig. 5 *H NMR spectra at selected pressures for a DPPC-dg, at 35°C,
b DPPG-dg, at 35°C, ¢ DPPC-dg, at 20°C, d DPPG-ds, at 20°C,
e DPPC-dg, at 5°C, and f DPPG-ds; at 5°C

The pressure-temperature diagrams in Fig. 6 display
some interesting similarities and differences. The ambient
pressure phase behaviours of DPPC-dg, and DPPG-dg, are
strikingly similar. The boundaries of the L, regions on the
two diagrams are also very similar. There may be a slight
difference in the L- boundaries at high pressure but this
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Fig. 6 Pressure—temperature phase diagrams for a DPPC-dg, and b
DPPG-dg, bilayers obtained by inspection of ’H NMR spectral
shapes. Phases indicated are filled squares L,, open circles gel which
includes Py, Ly, and GIII without distinction, filled triangles L, and
filled circles Lg. Except for the L, boundary, uncertainties in
boundary positions are of the order of the spacing between adjacent
symbols. Solid lines are visual aids only

may also reflect the kinetics of the gel to L. transition.
There was little difference between the isobaric series of
the two lipids at 196 MPa.

The obvious difference between the two pressure-
temperature diagrams is the persistence of the DPPG-dg;
interdigitated gel phase to significantly lower pressures than
for DPPC-dg,. It has recently been reported that distearoyl
phosphatidylglycerol (DSPG) can existin an Lg phase under
conditions for which the corresponding phosphocholine
(DSPC) is not interdigitated (Pabst et al. 2007). In both
cases, the higher propensity for interdigitation on the part of
a disaturated PG, relative to the corresponding PC under
comparable conditions, presumably reflects differences in

the headgroup charge and shape of the two otherwise iden-
tical lipid species. Pabst et al. (2007) suggest that one
difference lies in the ability of the PC and PG lipids to
accommodate changes in headgroup tilt. The observation,
here, that DPPC-dg, and DPPG-dg, behave similarly at high
and low pressure but respond differently to intermediate
pressure underlines how sensitive bilayer phase behaviour is
to the balance between headgroup and hydrocarbon chain
interactions.
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