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One- and two-dimensional 3! P-crchange NMR has becn used te investigate chemical exchange belween coexisting lamelar (L7
and non-lamellar {hexagonal Hy; and cubic I,) lipid phascs. Sampics of DOPE, DOPE/DOPC(3: 1 and 7: 3), DOPE/ choleslercl
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 studicd at the 0° orientation (angle between the bilayer normal and the external magnetic field), where the
L, Hy, and I, resonances are resolved. A reversible L, to H,; transition was abserved for all of the samples excent for the
DOPC/MO mixtures, which displayed a reversible L, to I, transition. Ncar-equilibrium mixtures of L, and either H,; or 1,
were obtained 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, oni-dimensional exchange experinents were
performed for mixing times ranging from 100 ms 12 4 5, a1 temperatures ranging from 3°C to 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
sceonds’ timescale, or involves an undctectable quantity of lipid. The results place constraints on the stability or kinctic
behaviour of proposcd (ransition intermediates (Siegel, D.P. (1986) Biophys. J. 49, 1155-1170).

Introduction nism of this and other bilayer to nanbilaver ransitions,
therefore, has implications for a range of hiolopical
The ability of many membrane lipids to form nonbi- phencinena. Much progress has been mede in this
layer structures, su-h as the hexagonal Hy, and cubic I,  regard by Siegel [7-10).
phases, has prompted considerahle cosearch ints the One dynamic aspect of L, to H (i,} phase transi-
potential roles played by nonbilayer structures in tions, which has received iittle experimental atrention,
biomembrane function [I-4]. Nonbilayer structures is Lhe rate of exchange of lipids berween bilaysr and
iave heen implicated in such phenomena as membrane nonbilayer phases at temperatures ‘vhirs they rommst,
fusion, transbilayer transport, and inicrmenibranc Because the L to Hy, transition is rapid, reversible,
cominunication [1]. Transient nonbilayer structures, and energetically favourable [11], it would be reason-
such as those involved in fusion, are likely intermed: able t> expact a significant exchange of linid at equilih-
ates in the lamellar (L) to hexagonal (H.) phase rium on timescales simikar to the phase transition times
transitior: [5], even though hexagona! phase lipid has 0,3-3 5 [11,)2)). Simiiar considerations hold for the
not heen observed in a biological system except under fameflar to cubic phase transition. This information
pathological conditions {6} Understanding the mecha- could be important in vetifying or refining the existing
models for these transitions.
In the present paper, we investigate the chemical
Correomondence t: DB Fenske, Deparlme )t of Biohemistry, Fac- ~ SX6hAnge between caexisting bilayer and norbilayer
ulty of Medicins, Univcisity of Britisk Columbia, 2146 Health Sci- phases, employing one- and two-dinensional solid-state
g Mall, Vanggnv;t.lﬁ.(’.. ::an;da. vg; 11’%3. P 3p.NMR techniques, which are includzd in the gen-
reviations; 5, cholesterol sulfate; o bemdimyristoylphas-  eyal slass of magnetization transfer experiments (for &
atidvighaline; DOPC, 1-a- lphosph s  te s .
:Pdinleln;}l‘pho:phatidl;gll:;a:o?:lz{;::;nhlglrl’(l::ld{lgfgligl:lmmf:hos- r?W&W; fee A‘lger nd Shulmm' l'lef. 13) 'I\wo-f.llmen-
hutidyleholing; 1M1, inverted micellar Intermediate; MO, 1-mono- sional NMR is a powerful technique for studying ex-
olein; POPE, 1-palmitoyl-2-cle ylphosphatidylethanalassine. change proch:ses fn both Jiquids and sotids [14,15], In
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membrane systems, 2D *H-NMR has been used to
probe slow molecular reerientations [16,17), and 2D
3Ip.NMR 1o study phospholipid lateral diffusion [18].
Two-dimensional ! 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 milliscconds to scconds can be probed. How-
ever, complications may arise if the 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 anglc between the bilayer normal and
the external magnetic field. 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 be obscured by exchange due to diffusion,
as both processes may occur on similar timescales.
While these problems may be surmouatable, they can
be avoidad aitogether by the use of macroscopically
oriented samples 116,18-22), When the angle between
the bilayer normal and the external magnetic field is 07,
the L,, Hy, and 1, resonances will be maximally
resolved, Thus, in the 2D experiment, anv exchange
would be revealed by off-diagonal cross-pe.k connee-
tivities between the diagonal resonances. Furthermore,
because the bilavers are flat and make only a single
angie with zespeet 0 the magnetic field, ihe effects of
lateral diffusion are removed.

Despite the usefulness of 2D excharge NMR, the

technigue suffers the drawback of thc amount of time -

required to obtain an acceptable 2D spectrum. The
same information can be achieved in much reduced
time using a one-dimensional analogue of the 2D ex-
change experiment [23], therchy allowing longer mixing
times to be prbed {with acceptable $/N) in time
periods whiere little or no change in the proportion vt
the phaser occurs. We wave applied botit technigues to
2 sample of DOPE, o5 the latter technique to a wide
variety of lipid mixtures, with lipids both neutral and
charged. The results for both meiiods indicate that the
exchange between L, ar.d H,, phases, and between L,
and 1, phases, is ciiher very slew (ar 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, the (wo phascs are seen 0
occupy essentially separate spatizl and temporal do-
mains at equilibriura or near-equilibrium conditions.

Maicrizis and Methods
L-&-Dioleoylphosphatidylethauolamine (DOPE), L-

a-dioteoylpiosphatidyicholine (DOPC), and v-a-1-pal-
mitoyl-2-oicoviphoapiatidyiethanolamine (POPE) were

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

Multilamellar dispersions were prepared for NMR
by hydrating the lipid with at least a 3-fold excess of
distilled water, and cyclically heating above the gel to
liquid-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 Jarrell et al. {21] using method
B. Approx. 40 glass slides, with dimensions varying
from 3% 13 mm w0 § X 13 mm, were cut from micro-
seope cover slides. The plates were stacked in a 10 mm
(0.d.) open-cnded NMR iube, and rinsed several times
with methano, which was removed under high vacuum.
The plates were tien remaved from the NMR tube.
Between 10-50 mg of a given lipid or lipid mixture,
dissolved in CHCl,, 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 vacuvm overnight,
Hydration of the liid was accomplished by placing the
tube in a wealed 25 mi liguid scintillation vial contain-
ing 1 mi water at room icmperaiure for 3-4 days.
Sampiles containing MO were hydrated under an atmo-
sphere of N,. Prior to sealing the NMR. tube, 1-3 tiny
drops of water were gently placed on the edges of the
glass plates.

Mp.MMR spectra werk acquired at 81.0 MHz ai a
Bruker MSL-200 specirometar. One-dimensional spec-
tra were vecorded wsing a Hahn echo pulse sequence
[24] with WALTZ decoupling (gated on during acquisi-
tion). The “'P 7/2 pulse length was 4.0 us (10 mm
solennidl coil), the pulss spacing was 60 ps, and the
recycle time was 5.0 s. Two-cimensional spectra were
recorded as described by Fanske tnd Jarreli [18), using
the NOESY puise sequence with TPPI {used on Bruker
spectrometers) to give quadrature detection in both
dimensions [25];

[¢preparation) = 8F ~ g (evalntion) - HP—¢ . —HP°

- 1y(detection) = {delay)]

WALTZ 'H-decoupling was gated on during the evolu-
tion and detection periods, Preparation of the system
was achieved by including 16 duminy scans at the
beginning of each serial file, 1, varied fron: 500 ms to
Z s, and the recycle delay was either 2 or 5 5. The
evolution time f; was 3 us for the first seriul file, and
was incrementea oy the dwell time (50 ys) for each of
the 64 serial files. The datasets were 256 points zero-
filled to 512 points in the F, dimension, and 64 points
2ero-filled to 512 points in the F, dimension. 96 tran-
sients were recorded for cach serial file in a given 2D
experiment. The spectral width in both dimensions was



10 kHz. Other parameters were as described for the
one-dimensional experiments.

One-dimensional {1D} exchange cxiperiments were
performed essentially as described by Connor et al.
[23]. The pulse sequence used was the NOESY se-
quénce with WALTZ decoupling described above for
the 2D expetiments, The differences lie in the phase
cycling, the placement of the transmitter frequency,
and the use of a fixed evolution time ¢, For 2 system
withi two (potantially) exchanging sites L {(lamellar) and
H (hexagonal}, with off-resonance frequencies v) and
vy the transmitter frequency is set such that » =2
(), and r, is set to satisfy r,=(1/4) vii' =(1/2)
w7 L. At the end of the evolution time, the magnetiza-
tion vectors for the spins, M, and My,. arc separated
by 9, and M, has the same phase as the applied f
field of the second 90° pulse. Thus only A, is rotated
into z during the mixing time. If exchange piacesses
occur during (., then a magnetization vector My will
fortn in z, and both a lamellar and liexagonal reso-
nance will be recorded during ¢;, with the intensity of
the lamellar rasonance buing a function of 1. If no
exchange oceurs, then aily a hexagonal resonance will
be present in the final specirum. For most samples, the
vaiue of ¢, calenlated from the above relation required
slight adjustment to nulk the L, resonance for short
mixing times. For example, the value of 1, calculated
for one of the DOPE experiments was 142 us. For this
value of 1, und f; =100 ms (for which no exchange
worki be vbserved in the 2B capetimeny), sowie 8282
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 cydling
scheme used for the 1D exchange experiment is given
below:

pulse 1: Y =¥

pulse 2: 8(X) 8(-X)

pulse 3: X X =X =X T ¥ -7 ~¥

rareivery X =X =k ¥ ¥ =¥ =¥ ¥ =X K K oK ¥ ¥ ¥ =¥

In chousing values of £, ir the [D exchange exper-
iment, it is important that {y, » I,, otherwise the
*cross-peak’ will be 90° out-vf-phase with the ‘diagonal’
peak [23]. In phospholipid bilayers, an angular-depen-
dent transverse relaxation rate of the form:

1/TdB)= A+ RlAcos? g-112

is obeyed, with A = 50 Hz and B = 200 Hz {25] giving
a reasonable fit to ¢xperimental specira, Thus 7, < 10
ms for all angles, which agrees with T, values esti-
mated from the linewidths f the oriented sample. No
1, values less than 100 ms were exarined.
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Fig. 1. 'P-NMR spectrum of POPE multilamellar dispersions ac-

yaired st W0 (A) Rescsentinis MONMR spoctea of DOPE

macroscopicallv oriented a1 an angle of 0° {angic between bilayer

normal relative to external magnetic tield) at 0°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,

Results and Discussion

Chemical exchange between lamellar and  hexagonal
phase fipid

DOPE is a well-chaiastarized lipid which undergoes
a lameflar to hexngonai phase transition aver the range
of 5-15°C [2,27) Temperatare-dependent VP-NMR
spectra of DOPE macroscopicatly oriented on glass
plates are shown in Figs. 1B-E fo: an crientation of 0°
{angle between bilayer normat and magnetic field) At
0°C, the lipid exisis in the lamellar phase (Fig. 1B),
with a chemieal shift identical to that of the 8° shonider
of the **P-NMR powder pattern =f POPE shown ia
Fig. 1A. As tha temper:uure is raised the proportion of
the hexagonal phase increases, with the phase transi-
tion corxplete by 23°C (Figs. 1C-E)

The temperatuzc range over which the DOPE tran-
sition occhrs is somewhat greater than that observed in
multilamellar dispersions. This is expected, as it is
casier to detect smalf quantities of the L, and Hy
phasc: in an oriented spectrum, where the two peaks
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arc sesolved, wiih iie wagneiization Jocalized in a
smalt {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 oriented
systems. Variations in water content may affect the
location of a mixture on the lipid-water phase diagram,
thereby altering the relative proportions of bilayer and
nonbilayer phases aver a given temperaturc range.
However, since the mechanism of the phase transition
will remain uncharged. these variations should not
alter lipid exchange rates. The fact that the transition
occurs rapidly over a similar range with the same
midpoint (about 10°C [27]) in both DOPE sysiems
demonstrates that any differcnces are minor.

Previous investigations of the lamellar ta hexagonal
phase transition have vielded a great deal of mechanis-
tie information, with which our results are in general
agreement, Early ¥ P-NMR studics on oriented egg PE
bilayers provided evidence for the bilayer-hexagonal
transition occuring as an interbilayer event {20}, a con-
clusion supported by our similar results with DOPE
and the other lipid systems. Furthcrmare, the
linewidths of the 1., resonance remain constant
throughout the transition (Fig. 1), iadicaiing that the
bilayers retain their orientation as they undergo the
conversion to Hy, phasc at a raic rapid on the NMR
time scale. If the bilaver oriantation was aliered during
(he transition, a broadening of the L resontance could
be observed. 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; arc detectable during the ttansition; 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
short-lived to be observed by NMR, or with the same
symmetry as either the L, or H,, phases.

The fact that the i, and H,, tesonances are re-
solved by NMR demonstrates that the two phases are
in slow exchange on the NMK timescale. This provides
an upper limit to the molecular exchange rate berween
the two phases. The spectral lines of a phospholipid in
wwo phases, L and H, with frequencies v, 2ad »y,,
respectively, will show well-resolved peaks if the molee-
ular exchange rate =)' « vy — | [28]. The L, and
H,, resonauces are scparated by 1740 Hz; thus the
exchange time 7, 2> (.6 ms. Any exchange between
the two phases must occur o timescales significantly
longer than 1 ms, This is in the regime where molecu-
lar metioas are too slow to be studied by lineshape and
spin-latiice NMR approaches. In contrast, 2D NMR
{and 1D cxperiments based on similar pulse sequances)
provide information on slow rotion processes which
oecur in the frequency range of 10°-18" Mz [15,17].

Aside from H-NMR spin ccho caperiments {20,30],
few other NMR iechniques are suitable to the problem
of exchange 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 to note that, in
the 2D spectrum, components which do nat exchange
are located on the diagonal. The presence of off-diago-
nal cross-peaks connecting diagonal elemer:ts indicates
chemical exchaage between the connected resonances.

In order to measure chemical exchange between the
lamellar and hexagonal phases, it is necessary that the
system be at (or close to) equilibrium, where the rate of
the forward and raverse transitions are cqual. In prac.
tice, tlis is difficclt to achieve. Although the L, and
H,, phases will cocxist over a period of days in the
mixed phase region, it takes several hours for the
intensity ratio of the L, and H,; resonances (L/H) to
stabilize at 2 given temperature, and then slight varia-
tions in the intcnsitics can be observed over a period of
hours or days following. As the L /H tatio 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 spectrum was recorded. For most of the
experiments discussed below, the L/H raio was ¢s-
sentially constant over the course of the experiment,
which in some cases required 25 iong as 14 h. However,
in a few cases the L /H ratio changed significantly over
a span of 5-12 h. Nevertheless, the resulls were the
same in these cases as in the former, demonstrating
that the L/H ratio was constant over /., the time
regime during which exchange was measured,

Twa-dimensional exchange etperiments were per-
formed between 9 and 14°C for ¢, valucs ranging
from 500 ms to 2 s; representative stacked plots are
shown in Fig. 2. The L, resonance is lccated in the
upper left corner. No cross-peaks are observed, indicai-
ing no exchange between the L, and H; phases on a
time scale up to 2 5, For ¢, = 500 ms (Fig. 24), the
ratio L /H changed frem 0.9 prior to the experiment o
2.3 fallowing the experimeni, a pericd of 5 h. In this
case, the rate of the transition L, 1o H,, is practer
than H, to L,, the latter of which would betier
approximate the equilibrium con.d'rion, The lack of any
observebie exchange indicaces that none would be ob-
served for the eqguilibrium condition. This is verified by
the resuite for 1., =15 s (not shown) and 2 s (Fig.
2B), whose L/H ratios wore cssentially unchanged
over 14 h. The decrease in $/N observed for the
longzer mixing time is due to intensity losses during 1,
reslting from Jongitudinal relaxation, The P 7, i of
the order of 2 5 at this field, and thus significamt
intensity loss will be absetved for i, > 2 5. This {lhs-



trates a serious limitation in the 2D experiment, which
is the time required to acrmire a spectrum, Probing
Ioix > 2 § would require a significant increase in the
number of acquisitions to achieve an acceptable §/N,
revuiring 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 the 1D analogue of the 2D exchange
experiment [23). In the present case, this allows mixing
times up 10 4 1 %0 be probed, and spectra for 7, =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-
lameHar dispersions of POPE at 30°C (not shown). The
information obtained 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 corresponding te that particular value of 1,
Approx. 3300 Hz separate the 0° shoulder and 90° edge
of the POPE *'P-NMR powder patiern (see Fig. 1), By
satting the transmitter frequency 3300 Hz upfield from
the 90° edge, and choosing ¢, = 70 s, the magnetiza-
tion near the 0° shoulder was observed to disappear for
short mixing times (10- 100 ms), and reappear for longer

A f

Fig, 2. 2D exchanae cpneten of aticnted DOPE (-pricatat-an) ar
9°C and 14°T [u7 £, = 500 ms an 2 5, respectively (A, B, Tirc plot
widlh is 3.2 kFl2 in both dimensions.
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Fig. 3. Hahn echo (A, D, E, G) and 11 exchange spectra (B, C, F) of
oriented DOPE (0°-orien:ction) a1 15°C {A~D) ang 18°C (E-G) for
Lix = 500 ms (B), 3 5 (C) and ¢ s (F). (A) and (D) were acquired
immediately prior to and foliowing the acquisition of (B) and (C1,
respectively and (E) and (G) were acquired immediately prior o and
following the acquisition of (F). Number of acguisitions = 32
(A, D, E. C). 64 (B, 256 (C). 1074 (F}, The plot width is 10 kHz,

mixing times (of the order of 1 s} as orientational
exchange due to lateral diffusion canced the transter of
magnetization into that region of the spectrum, This is
analagous o the reccovery of the lineshape which oc-
curs in ‘hole-buining’ experiments [26,31],

1D exchange spectra of the oriented DOPE were

~ acquired for ratios of L/H which were as close to

uniiy as possible. The 1D exchange expeiiment gives a
spectrum which is the equivalent of a slice of the 2D
spectrum, passing through one diagonal peak (Hy)) and
one cross-peak (L)} [23], Chemical exchange is re-
vealed by the gzowth of the cross-peak with incieating
fmixe Hahn echo and 1D cxchange spectia acquired at
15 and 18°C are shown in Fig. 3 for aixing times of 500
i (Fig. 3b), 3 s (Fig. 3C), and 4 s (Fig. 3F). The
spectra 1 Figs, 3A, T (L/H = 0.7) were acquired bev
fore and afier the exchange experiments in Figs, 3B, C,
respectively, and Figs, 3E, G (L/H = L.6) were ac-
quired before and after Fig. 3F, The L /H raties were
unhanged over the course of the experiments, The
scalé and pezk positions are the same as in Fiy, '3 it is
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clear that no increase in the lamellar peak is observed
for mixing times up w0 4 5.

Tu investigate whether lipid exchange is abservable
in mexed lipid systems, 1D exchange studies were also
performed on 9:1 and 7:3 (molar ratio) mixtures of
DOPE/DOPC. The addition of DOPC and other PCs
to DOPE reselis in an increase in ihe spontaneous
radius of curvature of the bilayers {32}, 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-
inore, DOPE/ DOPC mixtures exhibit metastable be-
haviour [33], which may have some effect on exchange
rates. In the present study, the presence of 10 mol%
DOPC in DOPE raises the L, to H,, trausition range
approx. 25°C, fram 0-23°C to 19-50°C (not shown).
'The chemical shifts of the L, and H; resonances were
ihe same as in DOPE, The wransition is reversible, but
after several days a small guantity (< 7%) of ar
isotropic component was obsetved approx 6 ppm up-
field from: the 1), zesonance, ihe quantity of which
remained relatively constant over a turther period of
several days, even after extended incubations at 30 and
Q0°C. This differs from multilamellar dispersions con-
taining 20 mol% DOPC, where prolonged incubation
at 40°C results in a transition from L, tc the isotrapic
phase [33]. There were some indications of metastable
behavour in the DOPE/DOPC, in that the L, /H,
ratio showed a greater propensity tc change at a given
temperature, which ruled out the use of the longer 2D
-experiment. All exchenge experiments were performed
prier to the appearance of the isotropic componcnt.

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

The presence o of 18 mol%h DGPC resuits in a further
increase in the L, 7o M), transition range to 63 to
> 78°C. A reprosentative oriented L, spectium (33°C)
is shown in Fig. 4A. The DOPC and DOPE resonances
are resolved, as DOPC has a slightly greater chemical
shift amisotropy than DOPE [35]. The ratio of the
(downfield) DOPC resonance to that of DOPE is 3:7.
As the L, to Hy, transition procecds, this ratio remains
constanl - indicating that the PC/PE ratio is the same
in both phases. The lipids acc not resolved in the H,,
phase. Exchange studies were performed a¢ 73°C, with
the experiment set up to nuli the DOPE resonance at
shott mixing s, v2sulting in sHgh. inversion of th
DOPC resonance (aot shown). No exchange was ub-
serverd for mixing times up to 2 s, It should also be
ioted that no isotropic resonance was observed in this
sample.
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Fig. 4. {A) Represeatative P NMR spectrum of DOPE/DOPC
(7.3 in the T phase at 33°C (@ ori iont, {8) R

MPNMR speclrum of DOPC/DOPE/cholesterol {1+ I 2) 4t 3¥C
(0° orientation). (C-E) 1D exchange specira of DOPC/DOPE/
chalasierol (1:1:2) a1 33°C (0° orientatien) for 1, = W0 ms (CY, 25
(D), 3 s (L} Muimbsr of acquisitions = Y6 {A), 128 (B, C), 800 (D).
1648 {E). The plol width is 6 kHz. The siight inversicn of the DUPC
resonange §$ a resull of setting the experiment te nullity the DOPE

resonance at short mixing times.

To cxamine a more complicated lipid mixture, we
chose the system DOPC/ DOPE/ cholesterol (1:1:2,
molar ratio), as cholesteral is an impartant constituent
of biological membranes. This system is also known to
display complex metastable behaviour [33), which has
resulted in contradictory observations in the literature.
Thus, when incubated at 30°C, dispersions of DOPC/
DOFE, cholesterol {(1:1:2) were found 1o display a
mixturs of Hy; and isotropic phase [36]. However, at
AT, the sarae mixtere, B another study, gave & mix-
ture of L, and Hy, phases [33). These discrepancies
wete cvplained by an ohserved time-dependence in the
phase preference of DOPC/ DOPE/ cholesterol mix-
tures [33]. in the present study, an 1., w0 Hy, transition
was abserved over 23°C-48°C, A representative ori-
coted sample spectrum, obtained at 33°C, is shown in
Fig. 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 betwgen the 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
100 ms (4C), 2 s (4D), and 3 s (dE). The ratio of
DOPC/H,, remained constant at 1.1 over the period
that 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 did not observe an isntropic reso-
nance in this sample at any temperature, even after
cycling through the phase traesition (alicenating 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 expcriment dealing with L /H, ex-
change, a system was chasen (DOPE/ cholesterol sul-
fate, 9:1) in which one of the lipids was negatively
charged. Cholesterol suifate is thought to ‘stabilize’

B

b ml

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

and DOYC s DOPE feholestarol (1:1: 23 (B) at 43°C {0° orientation).

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

stent) Hyp phascs, as seen by compacison with the L, /Hy, phases in
(B), The plot width is 6 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 1o stabilize the L, phase (not shown). No lipid
exchange was observed for experiments performed at
PC{t = 28) 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 ta ‘isotropic’ structures [3). A number
of lipid systems are known to or thought to form cubic
phases under certain conditions; these include mixtuges
comtaining DOPC and/or DOPE (3] As mentioned
above, we did not observe significant quantities of
isotropic phase lipic in any of the mixtures axamined.
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 sapiples of DOPC/MO were pre-
pared, DOPC/MC mixwres form a bicontinuous cu-
bic phase I, [3], and MO is known to be an effuctive
fusogenic lipid [41), Because the I, phirie has a bilayer
stiucture, it is possible that exchange cou'’ occur at
the contact points beiween thie L, and 1, phases.

A reversible L, to I, trausiiion was observed over
the range of 23°C to > 43°C for DOPC/MO (1:1). A
representative spectrum acquived 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 orly L,
anid Hy phases are present. In addition to il.: L, and
1, resongnces, a smali quantity of transient H,, phase
i= observed in the DOPC/MO spectrum. This Hy
resonance was only observed at this temperature, and
only for a short period of time; after 40 min only the
L, and 1, phases rcmmained. The cubic phase reso-
nance is approximately 6 ppm upfield from the Hy,
resonanes,

A reversibie L, to 1 transition wes observed over
the range of 070 te 2290 for DORC /MO (3:7). The
teansition displayed consideratle hysteresis. Fellowing
sampic prepacaition, which iuvuived incuiation under a
humid atmosphere of N, for 4 days, the sample was
cubic at 18°C. After 1 h & 0°C, the raiic of L /1, was
4.3, The tempcrature was incrementally increased, and
the sample was completely cubie 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,
ratg was 1.1 After a further 5 b the ratio had only
changed slightly {to 1.4), with most of this change
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Fig. 6. Hahn echo{A) and 1D exchange speriza (3-DYof DOPC /MO
Qe 7 {0P-oriemation) at 3C for £, = K ms (B), 254C) and 3 5 (D),

Number of acquisitions = 128 (A, B), 25 (), 1200 D), The plot
width is & kHg,

oceurring during the exchange experiment with ¢, = 4
5 (see helow),

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

The key vesvlt of thee experiments, for both the L,
o Hy.and L, i, iransitions, is the complele Lick of
observable lipid exchange betvween lamellar and non-
lamelar phases on timescales of several seconds. This
implics that no exchange would ocour over periods of
ims of sceonds, aim! perhaps lonaer This in surprising,
Biven the reversibility of the transitions anz iie rapid
timescales on which they occur [8,11]. When PE's in
the L, phase were subjected to a vapid increase in
temperatute, the L, to H; transition times, measured
by time-resulved X-ray diffraction, were found to e
03 10 3 518,11,12]. The thuoretical L, 10 Hy, trapsition
times caiculated by Siegel fafl in the range of 0.1 10 10
s, and the Hyj to L, trausition rates are simifar [8]. If
the exchange at equilibrium involved sufficicnt lipid,

and occurred at a rate comparable to the transition
rates of the unidirectional processes, it shotid be easily
detected by NMR. The failute to do so deranstrates
thai in the mixed phase domain, at :quilibrium or
conditions approaching cquilibrium: (i) iere is no ex-
change of lipid, or; (ii) the lipids exchange very siowly
on the seconds timescale, i.e., the rates of the forward
and reverse transitions are greatly reduced, or; (i)
only a small proportion of lipids, less than the NMR
detcction tmit, are undergoing exchange at an unde-
termined rate. Regardless of which option may be
correct, there appears to be little communication be-
tween the lamellar and non-lamellar phases when they
coexist.

Several models of the L_ 1o Hy trensition have
been prapused which are supported by experimental
data [8,11). Perhaps the must well-developed theory is
that of Siegel [7-10], who provides a unificd descrip-
tion of both L to H, and L. (o cubic transitions. The
thuory is consistent with much experimental data, and
is subported by the recent visualization via cryo-trans-
mission electron 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 kivstic behaviour of cerain proposed jniermedi-
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 cither
assemble into H-phase precursors, or fin some lipid
mixtures) into interfamellar attachments (ILAs), which
are cubic phase precursors, thought to be involved in
membrane fusion. 1t is production of the H-phase
precursors which determines the kinatics of the transi-
tion. Two intermediates are proposed io form, but the
most important are line defects {LD), whose xistence
is supported by experivental data 8] and that is re-
quircd to explain the observed rapid transition times. 1t
is suggested that LDs provide a rapid, low energy
pathway between L, and H,, phases, and that their
stahilivy in the H,, phase allows for rapid reversion of
Hy to L, in the roverse transition [8] The model
suggests that the proportion of the two phases a
¢quilibrium could be modulated by the elongation or
shirinkage f LD, whick terminate H,, tubes. This
would appear to provice a pathway for chemien! o
change between tic L, and H,, phases, which is
clearly noi supported by 1 present study. Thus, our
results suggest cither that LD are not stable in the bulk
Hy, phase, or that the lipid 24 water transport re-
quired to modity the lenpth of a LD does not aceur as
casily and rapidly as proposed (8], The present study
thus places some limitatinns on the behaviour of & class
o proposed iniermediates, thereby demonstrating the
potential nsefulncss of lipid exchenge studies in the
refinement of the theoretical description of bilayer to



nenbilayer transitions. Clearly, further modeling of both
Jamellar to non-lamellar transitions would b desirable,
with the emphasis placed on what happens when the
system is at or near equitibrivm. Such modeling, in
conjunction with the results of the present and relaied
studies, may provide support for a given mechansm of
lamellar to non-lamellar transitions [8,11].

The results from the present study are specific for
bilayer to nonbilayer transitions. An obvious exten..wi
of this work would be to examine chemical exchange in
lipid-peptide or lipid-protein systems where the pratein
induces the formation 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 cxamples may include coexisting
regions of gel and liguid cystailine ruembrane, ar re-
gions of bulk lipid and lipid which may be phase
separated by ions. A knowledae of the exchange in
these systems could have implications in a wide range
of membrane-related phenomena.

Conclusions

In the present paper, a combinatizn of one- aud
two-dimensiunal ' P-MMR has been used to investi-
gate chemical exchange bulween a wide variety of
systems undergoing lamellar to non-lameiiai transi-
tions. Oriented sursples were used to effect a separa-
tion of the resonances originating from cach phase.
The Ley result of these studies is the complete lack of
abservable chemical 2xchange 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 {8,11]. The resulis
demonstrate that in mixed phase domains, at equilib-
rium or conditions approaching equilibrium: (i) there is
no exchange of lipids, or: (i) the lipids exchange very
slowly nn the seconds’ timescale, or; (iii) only a smali
proportion of lipids, less than the NMR detection
limit, are undergoing exchange. Lamellar and none
lamellar phases (L, and H), or L and [,) are seen to
accupy essentially separate spatial and temporal do-
mains when they coexist.
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