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One- and two-dimensional P-crchange NMR has becn used te investigate chemical exchange belween coexisting lamelar (L7
and non-lamellar {hexagonal Hy; and cubic I,) lipid phascs. Samples of DOPE, DOPE / DOPC1(3: 1 and 7:3), DOPE/ choleslerol
sulfare (9:1), DOPC/ monoolein {(MO) (3:7 and 1:1), and DOPC/ DOPE/ cholesterol (1:1:2) were macroscapically oricnted
on glass plates and studied at the 0F orientation (angle between the bilayer normal and the external magnetic field), where the
L, Hy, and i, rescnances are resolved. A reversible L, to H,; transition was abserved for all of the samples cxcent for the
DOPC/MO mixtures, which displayed a reversible L, to I, transition. Ncar-equilibrium mixtures of L, and either H,; or 1,
were oblained after prolonged incubation at a given temperature. Two-dimensional exchange experiments were periarmed on
DOPE at 9-14°C for mixing times ranging from 500 ms 10 2 s, For all samples, one-dimensional exchange experinents were
performed for mixing times ranging from 100 ms 2 4 5, at temperatures ranging from 3°C 1o 73°C., No evidence of lipid exchange
between lameriar and non-famellar phases was observed, indicating that if such a process oceurs it is either very slow on the
seconds’ timescale, or involves an undctectable quantity of lipid. The results place constraints on the stability or kinctic

behaviour of proposcd Lransition intermediates (Siegel, D.P. (1986) Biophys. J. 49, 1155-1170).

Introduction

The ability of many membrane lipids to form nonbi-
layer structures, su-h as the hexagonal Hy, and cubic 1,
phases, has prompted considerahle covearch into the
potential roles played by noabilayer structures in
hiomembrane function [1-4l. Nombilayer structives
nave heen implicated in such phenomena as membrane
fusion, transbilayer transport, and inicrmenibranc
cominumication [1]. Transient nonbilayer structures,
such as those involved in fusion, are likely intermedi.
ates in the famellar (L ) to hexagonal (H.) phase
transitior: [5], even though hexagona! phase lipid has
not heen observed in a biological system except under
pathological conditions [6]. Understanding the mecha-
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nism of this and other bilayer to nanbilaver transitions,
therefore, has implications for a range of hiclogical
phenonena. Much progress has been mede in this
regard by Siegel [7-10].

One dynamic aspect of L, to H (i,) phase transi-
tions, which has received iittle experimental atiention,
is Lhe rate of exchange of lipids berween bilaysr 2nd
nonbilayer phases at temperatures ‘vhire they comust,
Because the L to Hy, transition is rapid, reversible,
and energetically favourable [L1), it would be reason-
able t> expact a significant exchange of linid at equilih-
rium on timescales simikar to the: phase transition times
0.3-3 5 [11,)2)). Simiiar considerations hold for the
lameflar 1o cubic phase transition. This information
could be important in vetifying or refining the existing
models for these transitions.

In the present paper, we investigate the chemical
exchiange between coexisting bilayer and norbilayer
phases, employing one- and two-dinensional solid-slate
Ip.NMR techniques, which are includzd in the gen-
eral class of magnetization transfer experiments (for 2
review, see Kiger and Shulman, Ref. 13). Two-dimen-
sinnal NMR is a powetful technique for studying ex-
change procn:ses in both Jiquids and sotids [14,15), In
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membrane systems, 2D 2H-NMR has been used to
prabe slow molecular reorientations (16,17}, and 2D
SIP.NMR to study phospholipid lateral diffusion [18].
Two-dimensinnal * P-NMR should be ideally suited to
investigate the timescale of chemical exchange between
coexisting L, and H,(1,) phases, as mixing times rang-
ing from milliseconds to scconds can be probed. How-
ever, complications may arise if thc membranes are
studied as multilamellar dispersions, the ‘standard’ for
most membrane NMR studies. Lateral diffusion of
phospholipid over curved liposomal surfaces results in
changes in the angle between the bilayer normal and
the external magnetic ficld. In the 2D spectrum, this
results in off-diagonal intensity between the regions of
the powder pattern, which corrcspond ‘o the orienta-
tions through which the lipids have diffused. Since the
L, and H, powder patterns and the I, isotropic
resonance overkp, chemical exchange between the
phases could bc obscured by exchange due to diffusion,
as both processes may occur on similar timescales.
While these problems may be surmouatable, they can
be avoided aitogether by the use of macroscepically
oriented samples [16,18-27). When the angie between
the bilayer normal and the external magnetic field is 0°,
the L, Hy, and 1, resonances will be maximally
resolved. Thus, in the 2D experiment, anv exchange
would be revealed by off-diagonal cross-peqk connce-
tivities between the diagonal resonances. Furthermore,
because the bilayers are flat and make only a single
angie with sespect 1o the magnetic fivld, ihe eflfects of
laterai diffusion are removed.

Despite the usefulness of 2D excharge NMR, the

technique suffers the drawback of the amount of time -

required to obtain an acceptable 2D spectrum. The
same information can be achieved in much redueed
time using a one-dimensional analogue of the 2D ex-
change experiment [23], thercby allowing longer mixing
times to be prabed {with acceptable $/N) in timne
periods where little or no change in the proportion ot
the phaser occurs. We wave applied botk: technigues to
a sample of DOPE, 253 the latter feghnique to a wide
variety of lipid mixtures, with lipids both neutral and
charged. The results for both meiiods indicate that the
exchange between L, a..d Hy, phases, and between L,
and 1, phases, iy citier very siow (or nonexistent), or
that only a small fraction of the lipid, less than the
NMR detection limit, is undergoing exchange on these
timescales. In either case, (he (wo phases are seen (0
occupy essentially separate spatizl and temporal do-
mains at equilibriura or near-equilibrium conditions.

Macerisds and Methods
L-a-Diolcoylphosphatidylethauolamine (DOPL), L-

a-dioteoylpiosphatidyicholine (DOPC), and L-a-1-pal-
mitoyl-Z-oicoyiphosphatidvietianolamine (POPE) wate

obtained from Avanti Polar Lipids, Birmingham, AL.
Cholesterol sulfate (CS) and 1-monooleoyl-rac-lycerol
{(MO) were obtained from Sigma.

Multilamellar dispersions were prepared for NMR
by hydrating the lipid with at least a 3-fold excess of
distilled water, and cyelically heating above the gel 1o
liguid-crystalline phase transition temperature with
vortex mixing and freeze-thawing to homogeneity (typi-
cally five cycles). Oriented samples were prepared es-
sentially as described by farrell et al. {21] using method
B. Approx, 40 giass slides, with dimensions varying
from 3% 13 mm 10 8 X 13 mm, were cut from micro-
seope cover slides, The plates were stacked in a 10 mm
{0.d.) open-ended NMR iube, and rinsed several times
with methanol, which was removed under high vacuum.
The plates were ticn removed from the NMR tube.
Between 10-50 mg of a given lipid or lipid mixture,
dissolved in CHCI,, was evenly applied to the plates,
allowing the solvent to dry between applications. The
plates were restacked in the NMP. inhe and traces of
CHCl; were removed under high vacurm overnight,
Hydration of the lipid was accomplished by placing the
tube in a «ealed 25 mi liguid scintillation vial contain-
ing 1 mi water ai room icmperaiure for 3-4 days.
Samples containing MO were hydrated under an atmo-
sphere of N,. Prior to sealing the NMR iube, 1-3 tiny
drops of water were gently placed an the edges of the
glass plates.

MP-4MR spectra were acquired at 81.0 MHz i a
Bruke: MSL-200 spectrometer. One-dimensional spec-
tra were vecorded using a Hahn echo pulse sequerce
[24] with WALTZ decoupling (gated on during acquisi-
tion). The Y'P = /2 pulse length was 4.0 ps (10 mm
solennid coil), the pulss spacing was 60 ps, and the
recycle time was 5.0 s. Two-dimensional specira were
recorded as described v Fanske and Jarrell [18], using
the NOESY puise sequence with TPP] {sed on Bruker
spectrometers) to give quadrature detection in both
dimensions [25};

[¢praparation) = ®F = y fevalntion) - P — ¢, - K0P
= 1y(detection)~ {deluy}]

WALTZ 'H-decoupling was gated on during the evolu-
tion and detection periods, Preparation of the system
was achicved by including 16 duminy scans at the
beginning of each serial file, ., varied froni 500 ms to
Z s, and the recycle delay was either 2 or 5 5. The
evolution time ¢; was 3 us for the first serial file, and
was incrementea oy the dwell time (50 us) for each of
the 64 serial files. The datasets were 256 points zero-
filled to 512 points in the F, dimension, and 64 points
zero-filled to 512 points in the F, dimension, 96 tran-
sients wete recorded for cach serial file in a given 2D
experiment. The spectral width in both dimensions was



10 kHz, Other parameters were as descrived for the
one-dimensional exporiments.

One-dimensional {1D} exchange ecxperiments were
performed essentially as described by Connor et al.
[23]. The pulse sequence used was the NOESY se-
quence with WALTZ decoupling described above for
the 2D expetiments, The diffevences lie in the phase
cycling, the placement of the tramsmitter frequency,
and the use of a fixed evolution time i, For o system
withi two (porzrrially) exchanging sites L (lamellar) and
H (hexagonal, with off-resonance frequencies v and
vy the transmitier frequency is set such that v =2
(vy), and 1, is set to satisfy r,=(1/4) vj' =(1/2)
1L At the end of the evolution time, the magnetiza-
tion vectors for the spins, M, and My,. are separated
by 90°, and M, has the same phase as the applied rf
field of the second 90° pulse. Thus only A, is rotated
into z during the mixing time. If exchange viscesses
ocour during £, then a magnetization vector M will
fortn in 2z, and both a lamellar and liexagomal reso-
nance will be recorded during ¢,, with the intensity of
the laaellar resonance buing a function of 1. If no
exchange occurs, then anly a hexagonal resonance will
be present in the final specirum. For most samples, the
vajue of t, caleulated fram the above relation required
slight adjustment to nuli the L, resonance for short
mixing times. For cxample, th= value of (| calculated
for one of the DOPE experiments was 142 ps. For this
value of 1, and 7; =100 ms (for which no exchange
worki be vbserved in the 2D eapeiimend), sowe 52083
tive intensity was observed for the lamellar resonance.
A level baseline in the lameliar region of the spectrum
was achieved using ¢, = 135 us, which was, therefore,
used for all longer mixing times. The phase cycling
scheme used for the 1D exchange experiment is given
below:

pulBe 1 Y =¥

pulse 2: BA(X) B(-X)

pulse 3; A X =X =X T Y ¥ =¥

rarefuery X =X =X ¥ Y =¥ =y ¥ =X K X =X Y ¥ ¥ =%

In chousing values of £, i the [D exchauge exper-
iment, it is important that f,, w I,, otherwise the
‘eross-peak’ will be 90° out-uf-phase with the ‘diagonal’
peak (23] In phospholipid bilayers, an angular-depen.
dent transverse relaxation rate of the form:

1/T4B)= A+ Rl3cos? f-11/2

is obeved, with 4 =50 Hz and B = 200 Hz {0] giving
a reasonable fit to ¢xperimental specira, Thus 7, < 10
ms for all angles, whick agrees with T, valucs esti-
mated frem the linewidths of the oriented sample. No
I values less than 100 ms were examined.,
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Fig. 1. "P-NMR spectrum of POPE multilamellar dispersions ac-

yaied ot 30 (A) Remcsentmle MP.NMR spectea of DOPE

macroscopicallv oriented a1 an angle of O {angie between bilayer

normal relutive to external magnetic tield) at °C (B), 8°C (C), 13°C

(D) and 23°C (E). Number of acquisitions = 1024 {A}, 64 (B-E). The
Plot widih is 10 kHz,
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Results and Discussion

Chemical exchange beiween lamellar and hexagonal
phase fipid

DOPE is a well-chaiastarized lipid whicly undergoes
a lamellar to hexagonai phase transition over the range
of 5-15°C [227) Temperatuye-dependent ' P-NMR
specira of DOPE macroscopicatly orietited on glass
plates are shown in Figs. 1B~E fot an orientation of 0°
{angle between bilayer normal and magnetic ficld). At
0°C, the linid exisis in the lamelar phase (Fig. 1B),
with a chemical shift identical to that of the 0° shoulder
of the P-NMR powdar pattern =¥ POPE shonn 2
Fig. 1A. As the temper::ure i8 raised the proportion. of
the hexagonal phase increases, with the phase transi-
tion corrplete by 23°C (Figs, 1C-E),

The temperatuse range over which the DOPE trap-
sition occurs is somgwhat greater than that observed in
muitilamelar dispersions. This in expected, as it is
casler to detect smali quantitics of the L, and Hy
phascs in an otiented spectrum, where the two peaks
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are esobved, with b niagneiization localized in a
small {requency range, than in @ powdcr, where the
resonances overlap and arc spread out over a much
larger frequency range. However, results obtained from
oriented samples and multilamellar dispersions may
differ as a result of reduced hydration in the oricnted
systems. Variations in water content may affect the
location of a mixturc on the lipid-water phase diagram,
thereby altering the relative proportions of bilayer and
nonbilayer phases aver a given temperature range.
However, since the mechanism of the phase trapsition
will remain uncharged. these variations should not
alter Yipid exchange rates. The fact that the transition
occurs rapidly over a similar range with the same
midpoint (about 10°C [27]) in both DOPE systems
demonstrates that any differcnces are minor.

Previous investigations of the lamellar ta hexagonal
phase transinon have yielded a great deal of mechanis-
s information, with which our rcsults are in general
agreement, Early ' P-NMR studics on oricnted egg PE
bilayers provided evidence for the bilayer-hexagonal
transition occuring as an interbilayer event [20), a cor-
clusion supported by our similar results with DOPE
and the other lipid systems. Furthermore, the
linewidths of the L. resonance remain constant
throughout the fransition (Fig. 1), isdicaiing that the
bilayers retain their orienfation as they undergo the
conversion to H,, phasc at 4 raic rapid on the NMR
time scale, I the bilaver orientation was altered during
the transition, a broadening of the L, resonance could
be abserved. Similar conclusions have come from real-
time X.ray diffraction studies of the L to H,; transi-
tion {11]. *inally, as assessed by NMR, only the L, and
H,, phase; are detectable during the transition; no
intermediates are observ:d, This is also in agreement
with real-time X-ray diffraction studies {11} However,
we canrot rule out the presence of intermediates too
shkort-lived to be observed by NMR, or wilh the same
symmetry as ¢ither the L, or Hy; phases.

The fact that the L and K, resnnances are re-
solved by NMR demonstrates that the two phases are
in slow exchange on the NMR timescale. This provides
an upper fimit to the molecular exchange rate berween
the two phases. The spectral lines of a phospholipid in
wvo phases, L and H, with frequencies vy aud vy,
respectively, will show well-resolved peaks if the molec-
ular exchange rate «,.' « |vy — v, | {28]. The L, and
H,, resonances are scparated by 1740 Hz: thus the
exchange time 7, 2> (.6 ms. Any exchange between
the two phases must occur on timescales significantly
longer than 1 ms, This is in the regime where molecu-
lar motions are too stow to be studied by lineshape and
spin-latiice NMR approacies. In contrast, 2D NMR
{and 1D cxperiments based on similar pulse sequznces)
provide information on slow rotion processes which
oscur in the frequency range of 10°-16" Rz [15,17].

Aside from "H-NMR spin ccho caperiments 29,30,
few ther NMR iechniques are suitable to the problem
of exehange in the slow motion regime.

The principles of the 2D exchange experiment are
described in the original work by Jeener ¢t al, [14], and
the application of 'P 2D solid-state NMR 1o mem-
branc systems is given by Fensk: and Jarrell [18]. For
the present discussion, it is suificient 10 note that. in
the 2D spectrum, components which do not exchange
are located on the diagonal. The presence of off-diago-
nal cross-peaks connecting diagonal elemernts indicates
chemical exchange between the connected resonances.

In order to measure chemical exchange between the
lamellar and hexagonal phases, it is necessary that the
systern be at {or closc to) equifibrium, where the rate of
the forward and raverse transitions are cqual. In prac.
tice, tlis is difficclt 10 achieve. Although the L, and
H,, phases will coexist over a perivd of days in the
mixed phase region, it takes several hours for the
intensity ratio of the L, and Hy; resonances {L./H) 1o
stabilize at 2 given temperature, and then slight varia-
tions in the intcnsitics can be observed over 3 period of
houss or days following. As the L/H ratio is tempera-
ture sensitive, this may he due to drift in the tempera-
ture control unit (which fluctuates over +/-— 1 C°),
Thus, prior to and immediately following each experi-
ment, the 1D speetrum was recorded, For most of the
cxperiments discussed befow, the L/H raio was ¢s-
sentially constant over the course of the experiment,
which in some cases required zs long as 14 h. However,
in a few cases the L /H tatio changed significantly over
a span of 5-12 h. Nevertheless, the resulls were the
same in these cases a5 in the former, demonstrating
that the L/H ratio was constant over /., the time
regime during which exchange was measured,

Two-dimensional cxchange etperiments wcre per-
formed between 9 and 14°C for t,;, valucs ranging
from 500 ms to 2 s; representative stacked plots are
shown in Fig 2. The L, resonance is located in the
upper left corner. No cross-peaks are observed, indivai-
ing no exchange between the L, and H; phases on a
time scale up o 2 5. For ¢y, = 500 ms (Fig, 24), the
ratio L, /H changed frem 0.9 prior to the experiment o
2.3 following the experimeni, a pericd of § h. In this
case, the rate of the transiticn L, to H, is praoter
than H,, to L,, the latter of which would better
approximate the equilibrium cord’iun. The lack of any
observebie exchange indicates that nong would be ob-
served for the ¢quilibrium condition. This is verified by
the results for 2, =15 s (not shown) and 2 s (Fig.
2B), whose L/H ratios wore essentially unchanged
over 14 k. The decrease in §/N observed for the
longzer mixing time is due to intensity iosses during f,;,
resulting from longitudinal relaxation, The P 7, i of
the order of 2 s at this field, and thus significant
intensity loss will be obsetved for i > 2 s, This /s



trates a serious limitation in the 2D experiment, which
is the time required to acnuire a spectrum. Probing
Imix > 2 § wWould require a significant increase in the
number of acquisitions to achieve an acceptable 5/N,
revquiring spectrometer time in the order of days.
Clearly this is unrealistic. In cases like this, where the
timescale of interest is known from the 2D results,
further investipation of the exchange processes is best
achieved using e 1D analogue of the 2D exchange
experiment [23). In the present case, this allows mixiug
times up to 4 » 5o be probed, and spectra for £, =25
can be obtained in 2 h with 10-times the number of
scans as were obtained in a 2D experiment which
required 14 h.

Ir order to ensure the suitability of the 1D experi-
ment for probing exchange pracesses in membranc
systems, preliminary studies were performed on niulti-
lamellar dispersions of POPE at 30°C (not shown). The
information cobtained from this method should be
equivalent to that obtained from 2D NMR; a given ID
exchange spectrum will simply be a slice of a 2D
spectrum cosresponding te that particular value of 1,
Approx. 3300 Hz separate the 0° shoulder and 90° edge
of the POPE *'P-NMR powder pettern (see Fig, 1), By
setting the transmitter {requency 3300 Hz upfield from
the 90° edge, and choosing ¢+, = 70 s, the magnetiza-
tion near the 0° choulder was observed to disappear for
shott mixing times (10-100 ms), and reappear for longer

A

hunas cpagtez of atiznted DOPE (0-otietat-an) at
LT 2 = 500 ms and 2 5, respectively (A, 3, Tic plot
widlh is 3.2 kFl2 in both dimensions.
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Fig. 3. Hahn echo {A, D, E, G) and 1D exchunge spectra (B, C, F) of
oriented DOPE {(0°-urien.ction) a1 1§°C {A~D) ang 18°C (E-G) for
L = 500 ms (B, 3 5 (C) and 4 = (F). (A) and (D) were acquired
immediately prior to and following the acquisition of (B) ~ad (C,
respectively and (E) and (G) were acquirad immediately prior 1o and
following the acquisition of (F). Number of acguisitions = 32
(A, D, E. C). 64 (B, 256 (C). 1024 (F}, The plot wideh is 10 kHz,

mixing times (of the order of 1 s) as orientational
exchange due to lateral diffusion canced the transfer of
magnetization: into that region of the spectrum, This is
analagous o the cccovery of the lineshape which oc-
curs in ‘hole-buining’ experiments {2631},

1D exchange spectra of the oriented DOPE were
acquired for ratios of L/H which were as close to

" unily as possible. The 1D exchange expesimcnt gives a

spectrum which is the equivalent of a slice of the 2D
spectrum, passing through ane diagonal peak (H))) and
one cross-peak (L} [22], Chemical exchange is re-
vealed by the goowth of the cross-peak with incieating
fmiye Hahn echo and 1D cxchange spectia acquired at
15 and 18°C are shown in Fig. 3 for inixing imes of 500
i (Fig. 3b), 3 s (Fig. 3C), and 4 s (Fig. 3F). The
specira 1 Figs, 3A, I (L/H = 0.1) were acquired bev
fore and afier the exchange experiments in Figs, 3B, C,
respectively, and Figs, 3E, G (L/H = 1.6} were ac-
quired before and after Fig. 3F, The L /H ratins were
urthanged over the course of the experiments, The
scale and peak pusitions arc the same as in Fiy, '3 it iy
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clear that no increase in the lamellar peak is observed
for mixing times up to 4 5.

Tu investigate whether lipid exchange is observable
in maxed lipid systems, 1D exchanpe studies were also
performed on 9:1 and 7:3 (molar ratio) mixteres of
DOPE/DOPC. The addition of DOPC and other PCs
to DOPE reselts in aa increase in ihe spontancous
radius of curvature of the bilayers 132), thereby raising
the L, to H,, phase transition temperature [32-34].
The rates of the forward and reverse phase transitions
may be increased at higher temperatures. Further-
nore, DOPE/ DOPC mixtures exhibit metastable be-
haviour [33], which may have some effect on eschange
tates. In the present study, the presence of 1D mol%
DOPC in DOPE raises the L, 1o H,, transition range
approx. 25°C, from 0-23°C to 19-50°C {not shown).
'The chemical shifts of the L, and H; resonances were
the same as in DOPE, The «ansition is reversible, but
after several days a small guantity (< 7%) of ar.
isotropic component was observed appror. 6 ppm up-
field from the M, ressnance, ihe quantiiy of which
remained relatively constant over a turther period of
several days, even after extended incubations a3 30 and
4. This differs from multidlamellzr dispersions con-
taining 20 mol% DOPC, where prolonged incubation
at 40°C results in a transition from £ tc the isotrapic
phase 133]. There were somc indications of metastable
behavour in the DOPE/DOPC, in that the L, /H),
ratio showed a grealer propensity te change at a given
temperature, which ruled out the use of the longer 2D
-experiment. All exchenge experitents were performed
prior to the appearance of the isotropic conponent.

For DOPE/DOPC (9:1), Hahn echo and 1D ex-
change spectra were acguired in the range 27°C 1o
32°C for mixing t{imes ranging from 100 ms to 3 s.
Slight variations in the L/H ratins {10-15%) were
observed in theee separate experiments. At all teinper-
atures and mixing times, no increase in the lamellar
peak was abserved.

The presence o of 19 mol%t DGPC icowits in a further
increase in the L, f0 H,, transition ramge 10 63 to
> 78°C. A reprosentative oriented L, spectium (33°C)
is shown in Fig. 4A. The DOPC and DOPE resonances
are resolved, as DORC has a slightly greater chemical
shilt anisotropy than DOPE [35]. The ratio of the
(downfield) DOPC resnnance to that of DOPE is 3:7.
Asthe L, to H, transition proceeds, this ratio remain
constanl- indicating that the PC/PE rztio is the same
in both phases. The lipids are not resolved in the H;
phase. Exchange studies were performed ag 73T, with
the experiment set up to nuli the DOPE resonance at
short mixing tires, s2sulting in shigh. inversion of th
DOPC resonance (ot shown), No exchange was ub-
served for mixing times up to 2 s 1t should also be
uoted that no isotropic resonance was observed in this
sample.
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Fig. 4. tA) Represeaimtive P NMR spoctrum af DOPE/DOPC
(7.3} in the T phase at 33°C ((° ori iont, (8) R

MP.NMR specirum of DOPC/DOPE /cholesterol {1° I 2) at 3¢
(0° orientation). (C-E) 1D exchange spectira of DOYC/NQPE/
chalesterol (1:1:2) a1 33°C (0° otiematon) Yor 1, = WO ms (C, 25
(D), 3 5 {E} Muimber of acquisitions = 96 {A), I28 (B, C), §00 (D).
1648 {E). The plol width is 6 kHz. The sticht inversica of (he DOPC
resonance i a resull of setting the experiment te mullity the NOPE

sesonance at short mixing times,

To examine a more complicated lipid mixture, we
chost the system DOPC/DOPE/ cholesterol {1:1:2,
malar ratio), as cholesteral is an impanant constituent
of biological membranes. This system is also known to
display complex metastable behaviour [33], which has
resulted in contradiclory observations in the literature.
Thus, when incubated at 30°C, dispersions of DOPC/
DOPE, cholesterol (1:1:2) were found to display a
mixturs of i, and isotropic phase |36). However, at
A, the sare mixtere, in another study, gave a mix-
ture of L, and Hy, phases [33}. These diserepancies
were ovplained by an ohserved time-dependence in the
phase preference of DOPC/ LOPL’/ cholesterol mix-
wres [33]. In thie present study, an 1., 10 Hy, transition
was abserved over 23°C-48°C, A represenlauve ori-
coted sample spectrum, obtained at 32°C, is shown in
Fiz. 4B, The DOPC and DOPE resonances are 1o
solved in the L., phise but not in the Hy,. The ratio of



DOFC/ DOPE ‘1: 1) is constant throughout the transi-
tion, indicating that the DOPC and DOPE partition
equally between (he two phases, in agreement with
carlier studies (Tilcock et al., 1982). 1D exchange spec-
tra were acquired at 33°C, with DOPE nulled at short
inixing times. As mentioned above, this resuits iiv &
slight inversion of the DOPC resonance, which is clearly
seen in Figs, 4C~E, for which the mixing times were
180 ms (4C), 2 5 (4D), and 3 s (4E). The ratio of
DOPC/H,, remained constant at 1.1 aver the period
thal the experiments were performed. As in the other
systems, no increase in the L, resonance was observed
with increasing mixing times.

In contrast to results obtained by Cullis and co-
workers [33,36], we dit not observe an isntropic reso-
nance in this sample at any temperature, even after
cycling through the phase traesition (alicrnating be-
tween 18°C and 38°C) 49 times. It is conceivable that
the metastable behaviour exhibited by DOPC/ DOPE,
alone and in combination with cholesterol, is modu-
lated in the oriented samples, where the hydration and
linid morphology (i.e.. planar ¢rsus curved bilayers)
differ. ’

In a final experiment dealing with L /H, ex-
change, a system was chosen (DOPE/ cholesterol sul-
fate, 9:1) in which one of the lipids was negatively
charged. Cholesterol sulfate is thought to ‘stabilize’

B
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Fig. 5. Representative 3 P-NMR spectra of DOPC,/ MO (1:1) (A)

snd DOYC/DOPE /cholest=rol (1:1: 23 {B) at 43°C {0° orientation).

The cubic 1, phase af (A) is distinguistied from the L, and {tran-

sient) Hyyp phascs, as seen by compacison with the L, /Hy, phases in
(B), The plot width is t kHz.
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biological and model membranes [37-39), and plays an
important role in the differentiation of the outermost
laver of human cpidermis, the stratum corneum {40]. In
the present study, the addition of 10 mol% CS to
DOPE resulted in a slight increase in the L, to H,,
transition range, from 0°C-24°C to 3°C-~33°C; thus CS
is seen to stabilize the 1, phase (not shown). No lipid
exchange was observed for experiments perfurmed at
YC (=2 8) and 21°C (1, =15%).

Chemical exchange between lameilar and cubic phese
lipid

A second class of non-lamellar phases, which may
have important physiological significance, specifically
with regard to membrane fusion, are the cubic phases,
which give rise to ‘isotropic’ structures [3]. A number
of lipid systems are known to or thought to form cubic
phases under certain conditions; these include mixtures
comaining DOPC and/or DOPE [3]. As mentioned
above, we did not observe significant quantities of
isotropic phase lipic! in any of the mixtures examined,
Only in DOPE/DOPC (9:1) was a small quantity
observed (< 7% of total lipic). In order o examine the
question of lipid exchange between the L, and cubic
phase, oriented saeiplcs of DOPC/MO were pre-
pared, DOPC/MOC mixwures form a bicontinuous ca-
bic phase 1, [3], and MO is known 10 e an effictive
fusogenic lipid [41). Because the 1, phase has a bilayer
stiucture, it is possible that exchange cou'’ occur at
the contact points beiween tie L, and 1, phases.

A reversible L, to [, trausiiion was ohserved over
the range of 23°C 1o > 43°C for DOPC/MOQ (1:1). A
representative speetrum acquired at 43°C is shown in
Fig. 5A. Assignment of the upfield peak as cubic was
obtained by comparison with DOPC/DOPE/
cholesterol (1:1:2) at 43°C (Fig. 5B), where only L
anid Hy phases are preseit. In addition to il.: L, and
1, resonances, a smali quantity of transient H,, phase
i= observed in the DOPC/MO spectrum. This Hy
resonance was anly observed at this temperature, and
only for a short period of time; after 40 min only the
L, and 1, phases rcmnained. The cubie phase reso-
nance is approximately 6 ppm upfield from the Hy,
resnnance,

A reversibic L, to 1, transition was observed over
the range of OrC te 2390 for DODC /MO (3:7). The
teansition displayed consideratle hystereeis. Fellowing
sampie preparation, which invuived incuiation under a
humid atmosphere of N, for 4 days, the sample was
cubi¢ at 18°C. After 1 h a3 0°C, the raiic of L /1, was
4.3, The temporature was incrementally increased, and
the sairiple was completely cubic by 23°C. The temper-
ature was then decreased to 18°C for 15 min and then
to 3°C for a further 30 min, following which the L, /1,
o was L1 After a further 5 b the ratio had only
changed slightly {t6 1.4), with most of this change
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Fig. 6. Hatn echo {A) and 1D exchange spucira (3-D) of DOPC /MO
(D F-oriemationd at FC lor 1, = M ms (B), 254C) and 8 5(DL

Number of acguisitions =128 (A, B), 25¢ {C), 1209 1Dy, The plot
width is & kHg,

occurring during the exchange experiment with ¢ 4
5 (sce below),

A spectrum of DOPC /MO (3:7) acquired a1 3°C is
shown in iig. 0A. Below are exchange experiments
with ¢, = 100 ms (Fig. 6B), 2 5 (Fig. 6C), and 4 5 (Fig.
6™, acquired at the same temperature. No exchange is
saserved on these timeseales, ay there is no increase in
the intensity of the L, resonance with increasing £q;.

‘The key vesvlt of theze experiments, for both the L,
to Hyp, and L, i i, iransitions, i the complete Luck of
observiable lipid exchange betveen lamellar and non-
lamelar phases on timescales of several seconds. This
implics that no exchange would occur over periads of
1ans &f sconmds, amd perhaps lenaer This is susprising,
given the reversibility of the transilions ans lic rapid
timescales on which they occur [8,11). When PE's in
the L, phase were subjected to @ vapid increase in
temperature, the L, to Hy; transition times, measured
by time-resvived X-ray diffraction, were found to Uc
0.3 to 3 5[8,11,12]. The thuorelical L, to H, iransition
titmes caiculated by Siegel fall in the runge of 0.1 to 10
s, and the Ky, to L, transition rates are simifar [8]. If
the exchange at equilibrium involved sufficicnt tipid,

mix

and oceurred at a rate comparabie to the transition
rates of the unidirectional processes, it shonid be easily
detected by NMR. The failure to do so deronstrates
that in the mixed phase domain, at ;quilibrium or
conditions approaching equilibrium: {i) inere is no ex-
change of lipid, or; (ii} the lipids exchange very slowly
on the seconds’ timescale, i.e., the rates of the forward
and reverse transitions are greatly reduced, o (iii)
only a small proportion of lipids, less than the NMR
detcction Hmit, are underpoing exchange at an unde-
terntined rate. Regardless of which option may be
correct, there appears to be little communication be-
tween the lamellar and non-lametlar phases when they
coexist.

Several models of the L 1o Hy trensition have
heen propused which arc supported by experimental
data [8,11]. Perhaps the mosi well-developed theory is
that of Siegel [7-10], who provides a unified descrip-
tion of both L 1o Hy, and L o cabic transitions. The
thzory in consiment with much expenmental data, and
i» supported by the recent visualization via cryo-trans-
mission cleciron micrescopy of the proposed interme-
diates of the L | to cubic transition [5]. Our results may
be useful in placing some constraints on the stability
and kinstic behaviour of cerain proposed jniermadi-
ates. The first intermediates in the process are thoughi
to be IMI, which form between apposed bilayers at
temperatures close to 7. The IMI rapidly reach a
sieady state concentration, following which they ciiher
assenble into H,-phase precursors, or (in some Jipid
mixtures) into interiamellar attachments (ILAs), which
are cubic phiase precursors, thought to be involved in
membrane fusion. It is production of the H,-phase
precursors which determines the kinstics of the transi-
tior. Two intcrmediates are proposed io form, bui the
most important ate line defects (LD), whose caistence
is supported by experitpental data [8] and that is re-
quired to explain the observed rapid transition times, 1t
is sugpested that LDs providz a rapid, low energy
pathway between L, and Hy, phases, and that their
stability in the H,, phase allows for rapid reversion of
Hy to L, in the roverse transition [8] The model
sugpests that the proportion of ihe two phases a
equilibrium could be modulated by the elongation or
shrinkage of LD, whick torminate H,, tubes. This
would appear to provide a pathway for chemien! on
change between the L, and W, phases, which i
clearly avi supported by 1ne present study. Thus, our
results auggest cither that LI are not stable in the bulk
H,, phase, or that the lipid «nd water transport re-
quired to modify the length of a LD does not occur a5
easily and rapidly as proposed (8], The present study
thus places some limitatinns o the behaviour of & ¢lass
ot proposed iniermediates, thereby demonstrating the
potential nsefulness of lipid exchinge studies in the
refinement of the theoretical description of bilayer to



nenbilayer transitions. Clearly, fuither modeling of both
lamellar to non-lamellar transitions would bé desirable,
with the emphasis placed on what happens when the
systemn is at or near equitibrivm. Such medeling, in
conjunction with the results of the preseni and relaied
studies, may provide support for a given mechanism of
lamelfar to aon-lamellar transitions [8,11].

The results from the present study are specific for
bilayer to nonbilayer transitions. An obvinus extenui
of this work would be to examine chemical exchange in
lipid-peptide or lipid-proicin systems where the pratein
induces the fcrmation of nonbilayer structures. We
hope to address this problem in the ncar future. In
addition, it would be of interest to examine lipid ex-
change in other systems where lipid domains coexist;
biologically important examples may include coexisting
regions of pel and liguid cystafline embrane, ar re-
gions of bulk lipid and lipid which may be phase
sepatated by ions. A knowledpe of the exchange in
these systems could have implications in a wide range
of membrane-related pheromena.

Conclusions

In the present paper, a combinaiizn of one- aud
two-dimensiunal Y P-MMR has been used to investi-
gale chemical cxchange beiween a wide variety of
systems undergoing lamellar to non-lameiiai iransi-
tions. Oriented sarples were used to effect a separa.
tion of the rusonances originating from vach phase.
The Ley result of these studies is the complete lack of
abservable chemical 2uchange on timescales up to 4 s
(and therefore significantly longer), for iemperatures
ranging from 3°C to 73°C. This contradicts expectaticns
based on the reversibility of the transitions and the
rapid timescales on which they occur [8,L1]. The resulis
demonstratc that in mixed phase domains, at equilib-
rium ar conditions approaching equilibrium: (i) there is
no exchange of lipids, or: (it) the lipids exchange very
slowly on the seconds’ timescale, or: (iii) only a smali
propottion of lipids, less than the NMR detection
limit, are undergoing exchange. Lamellar and non.
lameMar phases (L, and H,, or L, and I,) are seen to
occupy essentially separate spatial apd temporal do-
mains when they coexist.
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