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Tibor P4li, Rosa Bartucci, L4szI6 |. Horvath, and Derek Marsh
Max-Planck-Institut fur biophysikalische Chemie, Abteilung Spektroskopie, WD-3400 Gottingen, Germany

ABSTRACT The saturation transfer electron spin resonance (STESR) spectra of spin-labeled phosphatidylcholine have been used to
follow the kinetics of conversion from the gel phase to the sub-gel phase in aqueous bilayers of dipalmitoy! phosphatidylcholine. This is a
simple, well-defined model system for lipid domain formation in membranes. The integrated intensity of the STESR spectrum from the
chain-labeled lipid first increases and then decreases with time of incubation in the gel phase at 0°C. The first, more rapid phase of the
kinetics is attributed to the conversion of germ nuclei to growth nuclei of the sub-gel phase. The increase in STESR intensity corresponds
to the reduction in chain mobility of spin labels located in the gel phase at the boundaries of the growth nuclei and correlates with the
increase in the diagnostic STESR line height ratios over this time range. The second, slower phase of the kinetics is attributed to growth
of the domains of the sub-gel phase. The decrease in STESR intensity over this time regime corresponds to exclusion of the spin-labeled
lipids from the tightly packed sub-gel phase and correlates quantitatively with calibrations of the spin label concentration dependence of
the STESR intensity in the gel phase. The kinetics of formation of the sub-gel phase are consistent with the classical model for domain
formation and growth. At 0°C, the half-time for conversion of germ nuclei to growth nuclei is ~7.7 h and domain growth of the sub-gel
phase is characterized by a rate constant of 0.025 h™". The temperature dependence of the STESR spectra from samples annealed at
0°C suggests that the subtransition takes place via dissolution of sub-gel phase domains, possibly accompanied by domain fission.

INTRODUCTION

In addition to the transitions associated with the usual
gel and fluid lamellar phases exhibited by phospholipid
bilayers, it is now well known that aqueous dispersions
of saturated diacyl phosphatidylcholines exhibit an addi-
tional thermotropic transition, arising from conversion
to the lamellar crystalline (or sub-gel) phase on pro-
longed incubation at low temperatures ( 1, 2). Because of
the slow rate of formation of the sub-gel phase, this pro-
cess has been used for detailed studies of the kinetics of
domain formation (3-6). There is currently much inter-
est in the possibility of lipid domain formation in biologi-
cal membranes (e.g., 7, 8), and studies on the sub-gel
phase of phosphatidylcholines provide a ready model
from which to obtain quantitative information on the
mechanism of such processes. Although it is unlikely
that sub-gel lipid structures exist in biological mem-
branes, the kinetics of lipid domain formation may well
be very similar, albeit on a different time scale, and there-
fore can contribute to an understanding of the biologi-
cally relevant process.

The formation of the sub-gel phase has been studied
by differential dilatometry of aqueous dipalmitoyl phos-
phatidylcholine (DPPC)! dispersions and was demon-
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strated to occur by nucleation (3). Comparison of the
degree of phase conversion on incubations at different
temperatures has suggested that the processes of nuclea-
tion and growth are favored by different temperatures of
incubation (5). By incubating first at lower temperature
to initiate nucleation, followed by a temperature jump to
higher temperature, it was possible to study the kinetics
of domain growth in the absence of complications from
the nucleation process (6). In the latter work, it was
found that the growth of domains of the DPPC sub-gel
phase occurred according to classical kinetics, but with a
low fractional dimensionality, close to one. On the other
hand, it has been suggested that the reverse process, i.c.,
the thermotropic conversion of the sub-gel phase to the
gel phase at the subtransition, might occur by a rather
different mechanism (9).

In the present work, the processes of both nucleation
and domain growth of the sub-gel phase have been stud-
ied for DPPC bilayers by saturation transfer electron
spin resonance (STESR) spectroscopy of an incorpo-
rated phosphatidylcholine spin label. This was done by
incubation at a relatively low temperature (0°C) for
which the nucleation rate is reasonably rapid. The
STESR spectra are sensitive not only to the slow rates of
chain rotation in the gel phase (10), but also, via the
effects of spin-spin interactions, to the local concentra-
tions of the spin label in the coexisting phases, even at
relatively low mole fractions in the gel phase (11). It is
found that these two different sensitivities of the spectra

harmonic ESR absorption signal detected in phase with respect to the
field modulation; V%, second harmonic absorption ESR signal detected
90° out-of-phase with respect to the field modulation.
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make it possible to distinguish the nucleation and do-
main growth, since they are found to have opposite ef-
fects on the integrated intensity of the STESR spectra.
The results obtained for the degree of conversion in the
domain growth phase are found to be in quantitative
agreement with independent calibrations of the spin la-
bel concentration dependence of the spectral intensities,
confirming that the spectral sensitivity arises from the
exclusion of the spin label from the growing domains of
the sub-gel phase. The STESR studies therefore provide
a direct confirmation of the formation of the sub-gel
phase by nucleation with subsequent growth of domains.
In addition, studies of the temperature dependence of
samples in the sub-gel phase provide information on the
reverse transformation occurring at the bilayer subtran-
sition.

MATERIALS AND METHODS

Materials

DPPC was obtained from Fluka AG (Buchs, Switzerland). The spin-
labeled phosphatidylcholine ( 5-PCSL ) was synthesized from the corre-
sponding spin-labeled stearic acid (5-SASL) as described in reference
12. The purity of the spin-labeled phospholipid was checked by thin-
layer chromatography. Other chemicals used were of analytical grade
purity.

Sample preparation

DPPC and spin-labeled lipid were codissolved at the desired mole ratio
(200-12.5:1) in CHCl;/CH,OH (1:2 [vol/vol]) and the solvent was
then evaporated under nitrogen. The dry mixture was kept under vac-
uum overnight and was then dispersed at a concentration of 10 mg/ml
in argon-saturated distilled water by vortex mixing at 60°C for 30 s.
Aliquots of the lipid suspensions were loaded into 100-xl, 1-mm diame-
ter glass capillaries flushed with argon and were centrifuged at 2,500
rpm for 10 min in a bench centrifuge. Excess supernatant was removed
to obtain lipid pellets of 5 mm length, sealed under argon. This stan-
dardized sample configuration was used in all conventional and
STESR measurements (cf., 13, 14). The samples were incubated at
60°C for 30 min, cooled to 0°C, and kept at this temperature for the
desired time before the experiment.

Electron spin resonance (ESR)
spectroscopy

ESR spectra were recorded at a frequency of 9 GHz on a spectrometer
(model E-12 Century Line; Varian Analytical Instruments, Sunnyvale,
CA) equipped with nitrogen gas flow temperature regulation and inter-
faced to a PDP 11/10 laboratory computer. Sample capillaries were
centered in a standard 4-mm-diameter quartz tube which contained
light silicone oil for thermal stability. Conventional, first harmonic,
in-phase, absorption spectra (¥, display) were recorded at a modula-
tion frequency of 100 kHz and modulation amplitude of 0.125 mT pp,
with an average microwave field over the sample of { H2)!/2 = 0.0032
mT for low power and 0.025 mT for high power. Continuous wave
(CW) saturation experiments were performed in the ¥V, mode and the
microwave field dependence of the amplitude, S, of the low-field hy-
perfine peak in the ESR powder pattern was fitted to the following
expression:

S = So(HI)2 /(1 + v*(HI)T\T,), (h)

where S, is independent of H,, v is the electron gyromagnetic ratio,
and T, T, are the effective longitudinal and transverse relaxation

times, respectively. It was assumed that p = 1, corresponding to homo-
geneous broadening (15). Details of the determination of H, and the
calibration of the spectrometer are given in reference 13. STESR spec-
tra were recorded in the second harmonic, 90°-out-of-phase absorption
mode (V' display) at a modulation frequency of 50 kHz and a modula-
tion amplitude of 0.5 mT pp. The phase was set by the self-null method
(16) at a subsaturating microwave field of <0.0032 mT. All STESR
spectra were recorded with an average microwave field at the sample of
(H?)'? = 0.025 mT, according to a standardized protocol for dealing
with cavity Q variations and field inhomogeneities (13, 14). The nor-
malized integral intensities of the STESR spectra were evaluated as
described in reference 17. Calibrations for determination of the effec-
tive rotational correlation times from the STESR spectra were taken
from reference 18. The reference spectra in reference 18 were recorded
from spin-labeled hemoglobin undergoing isotropic rotational diffu-
sion. The relation of the effective correlation times deduced from these
calibrations to the anisotropic rotational diffusion of spin-labeled lipid
molecules in gel phase lipid bilayers has been characterized both theo-
retically (19) and experimentally (15, 20).

RESULTS

Spectral effects of incubation at 0°C

Samples of fully hydrated DPPC containing the 5-PCSL
phosphatidylcholine spin label at a mole ratio of 1:200
were incubated at 0°C for periods of up to 200 h to fol-
low the changes in the ESR spectrum on formation of
the sub-gel phase. Saturation transfer ESR spectra (V'
display) recorded during progressive incubation are
given in Fig. 1. The corresponding conventional ESR
spectra (data not shown) reveal only slight increases in
the spectral line widths, without change in the outer hy-
perfine splitting, with time of incubation at 0°C. The
STESR spectra show modest changes in line shape with
increasing time of incubation at 0°C that are character-
ized by the diagnostic spectral line height ratios that are
given in Fig. 2. The principal change in the line height
ratios takes place over the range of incubation times
from O to 5 h and reaches a broad maximum after times
of ~20-25 h. These changes are essentially consistent
with those obtained over the same time range with phos-
phatidylcholine spin labeled at the sixth position (15),
except that the initial values of the central line height
ratio were lower for the latter label position. Beyond in-
cubations of ~25 h, the line height ratios decrease
slightly but steadily with further incubation. The effec-
tive rotational correlation times deduced from the diag-
nostic line height ratios by using the calibrations of refer-
ence 18 are given in Table 1. Different values are ob-
tained from the C’/C ratios than those from the L”/L
and H”/H ratios because the lipid motion is anisotropic,
whereas the calibrations are for isotropic motion (15,
19). The lower value deduced from C’/C suggests a pref-
erentially faster rotation about the long axis of the lipid
molecule (20). It is noted that the line height ratios given
in Table 1 are still in a region that is sensitive to both
axial and off-axial motion; higher values would be ex-
pected for all ratios if the spin-labeled lipid actually fully
entered the (crystalline) sub-gel phase (cf., 10 and 20).
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FIGURE 1 Second harmonic, out-of-phase STESR spectra (V) dis-
play) of 5-PCSL (0.5 mol%) in fully hydrated DPPC dispersions incu-
bated at 0°C for increasing periods of time: (@) 1.3 h, (5)8.7 h,(c) 32 h,
(d) 58 h, and (e) 105 h. Spectra are normalized to the maximum line
height; the vertical expansion factors relative to normalization to the
integrated intensity are: (a) 1.00, (b) 0.96, (¢) 1.12, (d) 1.45, and (e)
1.78. Total scan width = 10 mT; T = 0°C.

The STESR spectra shown in Fig. 1 are normalized
with respect to their maximum line height and do not
reflect the rather considerable changes in spectral inten-
sity that take place on prolonged incubation at 0°C. The
time dependence of the reciprocal STESR integral inten-
sity with increasing duration of incubation of the sample
at 0°Cis given in Fig. 3. The dependence on the incuba-
tion time is reproducibly biphasic with an initial, faster
decrease in the reciprocal saturation transfer integral ac-
companied by a slower increase that comes to dominate
at longer times of incubation. The clearly biphasic re-
sponse in Fig. 3 has been fitted to the following kinetic
equation (see Discussion):

/g = Al/IiST/[Al + 1 — exp(—kt)]
+A,- C/[A, — 1 + exp(—kt)] — C, (2)

where the first term represents the phase with decreasing
1/Ist and the second term represents the phase with in-
creasing 1/Igr. A nonlinear least-squares fit to Eq. 2
yields the following values for the amplitude parameters:
A, =29,4,=1.32,C=127,and 1/Ii; = 355, and the
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FIGURE 2 Dependence of the diagnostic line height ratios in the
STESR spectra of 5-PCSL (0.5 mol% ) in aqueous DPPC dispersions on
time of incubation at 0°C. (@) low-field ratio, L”/L; (@) high-field
ratio, H”/H; (A) central ratio, C’/C. T = 0°C.

rate constants: k, = 0.09 h™!, k, = 0.033 h™!. The kinetic
parameters for the first phase are determined with less
accuracy than those for the second phase because of the
limited interval over which the first phase is dominant.

Spectral effects of spin label
concentration

To determine the effects of possible increases in the local
spin label concentration, the STESR spectra were re-
corded for samples with increasing mole fraction of the
5-PCSL spin label in DPPC bilayers in the gel phase at
0°C. In contrast to the diagnostic line height ratios (data
not shown), it was found that the STESR integral inten-

TABLE 1 Effective rotational correlation times, 75, of the
5-PCSL spin label in DPPC dispersions obtained from
calibrations for the diagnostic STESR line height ratios,
L"/L, C/C, and H'/H*

TR (48)
L"/L C/C H’/H

Time of incubation at 0°C (h)

0 37 35 54

25 44 5.5 78

196 38 3.5 66
Dependence on temperature (°C)

10 41 3.8 78

16 46 52 93

27 44 4.2 72

33 47 0.06 59

39 51 0.04 54

* Reference spectra were taken from spin-labeled hemoglobin (18).
The uncertainties in the line height ratios were approximately +3.5,
+2,and £10% for L"/L, C'//C, and H"/H, correspondingto +2.5, +0.01,
and +12 us in effective correlation time, respectively.
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FIGURE 3 Dependence of the reciprocal saturation transfer integral,
t/Ist, of the 5-PCSL phosphatidylcholine spin label (0.5 mol%) in
aqueous dispersions of DPPC on time of incubation at 0°C. The solid
line represents a non-linear least-squares fit to Eq. 2. T = 0°C.

sity, which is given in Fig. 4, depends strongly on spin
label concentration (cf., 11, 21). Over the range studied
in Fig. 4, the concentration dependence of the reciprocal
saturation transfer integral can be approximated by the
following linear form:

1/ Ig=1/12%+a-c, (3)

where ¢ is the mole fraction of spin label, 1/12; is the
reciprocal STESR intensity extrapolated to zero concen-
tration, and a is a constant determined by the strength of
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FIGURE 4 Dependence of the reciprocal saturation transfer integral,
1/ Iy, of the 5-PCSL spin label on the mole fraction of the spin-labeled
phosphatidylcholine in aqueous dispersions of DPPC in the gel phase
at T = 0°C. The solid line represents a linear regression to Eq. 3.
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FIGURE 5 Temperature dependence of the saturation transfer inte-
gral, Ir, of fully hydrated DPPC dispersions labeled with 5-PCSL, ata
mole fraction of 0.5%. Multiple points in the region 5-15°C indicate
the time dependence at the individual temperature points during the
temperature dependence. In each case, the lowest point is the initial
measurement and the values then increase, overlapping as equilibra-
tion is achieved. The lower point at 0°C is after incubation, and the
upper point is recorded immediately after cooling from 50°C at the end
of the temperature run. The latter is identical to that recorded initially,
before the incubation at 0°C.

the effectively bimolecular spin-spin interactions. The
linear-regression parameters, @ = 25240 and 1/1% =
256, obtained from Fig. 4 serve to calibrate the spin label
concentration from measurements of the STESR inte-
gral intensity, for example in situations with mixed
phases that are dealt with in the Discussion.

CW saturation experiments were also carried out to
confirm that the dependence of the reciprocal saturation
transfer integral on the mole fraction of spin label corre-
sponded to the expected effect of spin—-spin interactions
on the spin label relaxation (cf., reference 11). The recip-
rocal effective 7,7, product was found to depend lin-
early on the mole fraction of spin label over the same
range as that shown in Fig. 4 (data not shown). This
result is consistent with a linear dependence of the relax-
ation rate on ¢, with the relative effects on 7, dominat-
ing those on T, thus confirming the proportionality be-
tween saturation transfer intensity and effective spin-lat-
tice relaxation time (cf., 22).

Temperature dependence of the
STESR spectra

DPPC dispersions containing 0.5 mol% of the 5-PCSL
spin label were incubated for long times at 0°C to reach
the equilibrium level indicated in Fig. 3. The tempera-
ture dependence of the integral of the saturation transfer
spectrum on heating after this incubation is given in Fig.
5. The temperature was changed between measurement
points at an effective rate of ~0.2° /min and, where nec-
essary, the sample was further incubated at the given
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FIGURE 6 Temperature dependence of the diagnostic line height ra-
tios from the saturation transfer spectra of fully hydrated DPPC disper-
sions labeled with 5-PCSL, at a mole fraction of 0.5%. (O) low-field
ratio, L*/L; (O) high-field ratio, H"/H; (A) central ratio, C'/C. Multi-
ple points in the region 0-15°C indicate the time dependence at the
individual temperature points during the temperature dependence. At
5°C, the line height ratios first increase and then decrease to lower than
the initial value; at all other temperatures the values increase with time
of incubation, except at 18°C, where they decrease.

temperature with repetitive recording of the STESR
spectrum. The two data points given at 0°C correspond
to the decrease in Is; observed from before to after the
incubation period. The multiple data points given for the
individual temperatures indicated in the range 0-15°C
represent the relaxation of the system to the new equilib-
rium (increasing Iy ) in the sub-gel phase after the in-
crease in temperature. In general, the saturation transfer
integral is found to increase with increasing temperature
up to the subtransition at ~14-15°C. Beyond this tem-
perature, the values of I decrease with increasing tem-
perature in the gel phase; also the rate of attainment of
equilibrium at the new temperature was much faster
(within the effective scan rate) and no time dependence
of the spectra was observed. Beyond 25-30°C, the tem-
perature dependence of the saturation transfer integral is
seen to decrease, corresponding to the passage through
the pretransition to the intermediate, rippled (P ) gel
phase. The main, chain-melting phase transition is ac-
companied by a further, sharp decrease in the saturation
transfer integral at ~40°C, going from the gel phase to
the fluid (L,) phase.

The diagnostic line height ratios in the STESR spec-
trum (given in Fig. 6) display relatively little tempera-
ture dependence in the sub-gel phase. Small increases are
observed with increasing temperature up to the subtran-
sition, as indicated by the effective rotational correlation
times deduced from the low-field, central, and high-field
ratios (L”/L, C'/C, and H"/H, respectively) recorded at
different temperatures that are given in Table 1. These
small changes indicate that the rather large increases in

the saturation transfer integral with increasing tempera-
ture in the sub-gel phase that are shown in Fig. 5 arise
primarily from a decrease in spin-spin interactions be-
tween spin labels (cf., Fig. 4), rather than from changes
in rotational mobility of the spin-labeled lipid chains.
The low- and high-field line height ratios, L”/L and H"/
H, also do not change greatly with increasing tempera-
ture in the gel phase above the subtransition (cf., Table
1), whereas the central ratio, C’/C, decreases steeply in
the region around 25°C, corresponding to the onset of
more rapid axial chain rotations in the Py, ripple phase,
as found previously (20). This is further indicated by the
increased difference (i.e., anisotropy) between the effec-
tive rotational correlation times deduced from the C'/C
ratios and those from the L”/L and H”/H ratios that is
evident from Table 1.

The STESR spectra recorded on cooling to 0°C imme-
diately after the temperature variation experiment were
identical to those obtained initially before the incubation
at 0°C and subsequent temperature variation. This re-
versibility indicates that the lipid membranes were stable
throughout the lengthy incubation and also during the
following temperature variation. It should be noted that
the incubation was carried out at low temperature,
whereas the period of exposure to the higher tempera-
tures was relatively short, also the samples were under
argon.

DISCUSSION

Chain mobility and domain formation
in the sub-gel phase

The relaxation of the gel phase to the sub-gel phase is
characterized by biphasic changes in the STESR integral
intensity of the incorporated spin-labeled phosphatidyl-
choline (see Fig. 3). The initial phase, in which 1//g
decreases, correlates quantitatively in magnitude and ap-
proximately in time span with the increase in the STESR
diagnostic line height ratios (Fig. 2 and see later text),
and corresponds to a decrease in rotational mobility of
the spin-label on nucleation of the sub-gel phase (cf. e.g.,
23). The subsequent large increase in 1/l does not
correspond to a change in the spin-label mobility, since
the diagnostic STESR line height ratios do not change
greatly over this time regime (see Fig. 2), even though
the STESR spectral line shapes lie in a regime that is
sensitive to such changes (cf., 10, 15, 20). The small
decrease that is observed in the line height ratios would
correspond only to a small increase in 1/ g, if this were
due to an increase in rotational mobility. Therefore, the
large increase observed in 1/Ig; must correspond to an
increase in the local concentration of the spin label (as
characterized by the concentration dependence given in
Fig. 4) due to exclusion of the spin label from the grow-
ing domains of the sub-gel phase (cf., 15, 24). It will be
noted also that a decrease in the STESR intensity with-
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out appreciable change in line shape is a characteristic
feature of spin-spin interactions (11, 21). The fact that
1/Isr reaches a limiting value, rather than diverging at
long times, suggests that a proportion of the gel phase,
namely that corresponding to intervening regions be-
tween the colliding domains of the sub-gel phase, re-
mains unconverted. Such an effect has been observed
previously in dilatometric studies of the relaxation to the
sub-gel phase in DPPC at 0.5°C (5).

Kinetics of sub-gel nucleation and
domain growth

The kinetics of relaxation of the STESR integral inten-
sity shown in Fig. 3 can be interpreted on the above basis
in terms of the formation of sub-gel phase nuclei of criti-
cal size followed by domain growth (cf.,, 3, 5, 6). The
production of nuclei of critical size from preexisting
germ nuclei within the gel phase follows first order ki-
netics, if the rate is sufficiently rapid compared with the
domain growth (and the concentration of germ nuclei is
sufficiently low) that the removal of germ nuclei by the
enveloping domain growth may be neglected (cf., 25):

N = N°[1 — exp(—k1)], (4)

where N is the concentration of growth nuclei, N° is the
initial concentration of germ nuclei, and k; is the rate of
conversion of germ nuclei into nuclei of critical size. Fur-
ther, if the rate of domain growth is sufficiently slow that
it may be assumed to a first approximation that essen-
tially all of the germ nuclei have been converted to
growth nuclei, the rate of conversion to the sub-gel phase
by domain growth is given by (cf., 6, 26):

dX/dt = N°[1 — X/X =1dV,/dt, (5)

where X is the degree of conversion, ¥, is the domain size
corresponding to unrestricted growth, and the term [1 —
X/X *], allows for the complication of domains meet-
ing. The excluded volume between domains that was
referred to above is included by the factor 1/X ®, where
X < is the final, limiting degree of conversion. Assuming
a constant linear growth rate, &, in domain size, the value
of V] is given by:

Vi = gut®, (6)

where g is a geometrical factor depending on the direc-
tionality of the growth in domain shape and n is the
dimensionality of domain growth. Yang and Nagle (6)
found that n ~ 1 for the domain growth of the sub-gel
phase in DPPC. Integrating the rate equation (Eq. 5)
then yields the following expression for conversion to the
gel phase by domain growth:

X =X>[1 - exp(—kyt)], (7)

where k, = (N°/X *)gu and it is assumed that n = 1.
It remains to relate the changes in the saturation
transfer integral to the production of growth nuclei and

the degree of conversion to the sub-gel phase that are
given by Egs. 4 and 7, respectively. Since the STESR
integral is additive in multicomponent systems (17 ), the
change in Ig; corresponding to creation of growth nuclei
will be related linearly to the degree of production, N/
NP®. The resulting change in 1/ due to nucleation is:

A/ Ist)nua = {1/11 + UG/ Tss — DN/N°] = 1}/ Iz, (8)

where I& and Ii; are the final and initial values of the
STESR integral corresponding to N = N° and N = 0,
respectively. The change in 1/ I resulting from domain
growth will be related linearly to the mole fraction, ¢, of
spin-label concentrating in the gel phase as a result of
exclusion from the domains of the sub-gel phase (cf., Eq.
3). This increase in mole fraction of spin label in the gel
phase is given by:

€ =¢c/(1 —X), (9)

where ¢, (=0.005) is the original total mole fraction of
spin-label in the sample. From Eq. 3 for the concentra-
tion dependence of the STESR integral, the change in
1 / Ir resulting from domain growth is therefore:

A1/ Ist)gom = aco[1/(1 = X) = 1] (10)

The net value of 1/ I for the whole sample is then given
by:

Vst = 1/ Tsg + A1 Ist)apa + 8(1/Isr)gom-  (11)

Combining Egs. 4, 7, 8, 10, and 11 yields a kinetic equa-
tion for 1/l that is of the form given by Eq. 2, where
A =1/(I&/ s —1),4,=1/X*,and C = ac,.

It is seen from Fig. 3 that the kinetics of relaxation of
the STESR integral can be fit adequately by the above
model, as described by Eq. 2. The best fit value of C =
127 corresponds very well with the value of ac, = 126.2
predicted from the measured concentration dependence
given in Eq. 3, and gives further support for the model
used in describing the growth phase kinetics. The value
derived for X* = 0.76 corresponds to 24% of the gel
phase remaining unconverted in the regions between the
domains of sub-gel phase at long times. Tristram-Nagle
et al. (5) obtained a similar limiting value of ~20% un-
converted lipid from dilatometric measurements of the
conversion to the sub-gel phase for DPPC incubated at
0.5°C. The value deduced for I& from the fitted parame-
ters 4, and I corresponds to an increase in the effective
rotational correlation time (cf., 17) of only 50% relative
to that in the original gel phase. A similar result is ob-
tained from the increase in the diagnostic STESR line
height ratios over the same time range in Fig. 2 (cf.,
Table 1). Although /& is not determined to a high de-
gree of accuracy, its low value indicates that the spin
labels are located in the gel phase, i.e., at the surface of
the growth nuclei rather than in their interior. Such an
interpretation is consistent with the model in which the
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spin labels are excluded from the growing domains. In-
creases in lipid chain packing density have been ob-
served by x-ray diffraction throughout the incubation
time period required for formation of the subgel phase
(4, 27). This implies a general decrease of lipid chain
mobility in the gel phase at short incubation times, in
agreement with the present spin label results.

The rate of conversion from germ nuclei to growth
nuclei is k; = 0.09/h, corresponding to a half-time of
~7.7 h at 0°C. As noted in Results, this rate is only
approximate because the fit is somewhat insensitive to
the parameters of the initial phase. It is interesting to
note that an initial rapid phase, over a period of 5 h, has
been observed for the change in the lamellar repeat spac-
ing on incubation of DPPC at 0.5°C (27), and this initial
phase is accompanied by rapid changes in the interchain
spacing (cf., 4). Also, two-stage changes have been ob-
served in the infrared spectrum of DPPC incubated at
2°C, where the first stage extends over incubation times
of 9 h, possibly up to 17 h (28). Although these changes
were not identified mechanistically, the time frame corre-
lates reasonably well with that assigned here to the nu-
cleation process.

From the rate constant k, characterizing domain
growth a value of N°gu = 0.025 h™! at 0°C is obtained.
Yang and Nagle (6) have obtained a corresponding
value of 0.0045 h™! (characterized by a value of n =
1.06) for the growth of sub-gel domains in DPPC at
10°C. The difference in these two values arises, at least in
part, from the much larger number of growth nuclei, N°,
created at 0°C than in the quenching from 4.1°C used by
the latter authors. The temperature dependence of the
nucleation rate is determined primarily by the extent of
undercooling, 7 — T, and for two-dimensional systems
is given by the factor: exp[—(AE + B)/kT) exp[—B/(T
— T5)], where AE is the activation energy for nuclear
growth, B is a constant depending on the energetics of
formation of the growth nuclei, and 75 (=13.5°C) is the
subtransition temperature (e.g., 29). At temperatures
above 6°C the nucleation rate in gel-phase DPPC is ex-
tremely slow (3).

An effective first order rate constant of 0.051/h has
been determined for the change in the x-ray long spacing
on incubation of DPPC at 0.5°C (27). Similarly, de-
creases in x-ray long spacing were found to take place
over a period of ~12 h for DPPC incubated at —2°C.
These changes, which were identified as arising from in-
terlamellar dehydration, are more rapid than those
found here for the domain growth of the sub-gel phase.
The time scale for the latter is more comparable to the
incubation times required to achieve the full calorimet-
ric enthalpy of the subtransition (4).

Temperature dependence in the
sub-gel phase

The results of Fig. 5 reveal two interesting features of the
temperature dependence of the saturation transfer inte-

gral in the sub-gel phase. The first is that the integrated
intensity increases rather steeply with increasing temper-
ature on approaching the subtransition, which takes
place at a temperature of ~14-15°C. Since the size of
the increase is greater than would be expected from the
change in rotational mobility as registered by the diag-
nostic STESR line height ratios (see Table 1), it must
arise from the decrease in local concentration of the spin
label segregated into the gel phase as the sub-gel phase
domains “melt” to the gel phase. Whether this is solely a
function of the degree of phase conversion, or corre-
sponds also to changes in domain size at constant phase
composition (i.e., domain fission), is not known with
certainty. However, the fact that the effective rotational
correlation times given in Table 1 do increase somewhat
with increasing temperature in the sub-gel phase (cf.,
also Fig. 6), which is most likely a reflection of the im-
mobilization of the gel-phase lipid chains at the bound-
aries of the sub-gel domains, does give support to this
latter interpretation.

The second notable aspect of Fig. S is the time depen-
dence of the saturation transfer integral after an increase
in temperature in the sub-gel phase. As for the domain
growth, the kinetics of dissolution of the domains is also
slow, being in this case on the time scale of hours, except
at the subtransition where equilibration is obtained ap-
proximately within an hour. Such effects are consistent
with the dependence of the subtransition temperature on
scan rate, as observed in calorimetric experiments (1, 5),
and also with the change in lamellar repeat spacing after
a temperature jump from the sub-gel phase to the gel
phase (27). Larger changes in the STESR intensity with
time are observed closer to the subtransition, since here
the overall change is greater.

It has been suggested, from measurements of the bi-
layer repeat distance, that the subtransition of DPPC
takes place in a more continuous fashion, rather than
with the coexistence of large-scale domains (9). How-
ever, these experiments were performed at relatively fast
scan rates and were sensitive only to long-range order. It
is conceivable, in cases where the degree of conversion is
complete (i.e., X © = 1), that the sub-gel to gel transition
may take place without domain formation, even though
domains are formed in the reverse process, viz., relax-
ation of the gel phase to the sub-gel phase. Nevertheless,
it has been observed that the static x-ray diffraction pat-
terns of DPPC in the subtransition region contain over-
lapping components, consistent with the coexistence of
sub-gel and gel domains (2). Therefore it seems likely
that, at equilibrium, the subtransition occurs also via
domain formation, as found here for the reverse process
and in agreement with the results of Fig. 5.

Conclusion

The nucleation and growth regimes of the sub-gel phase
in DPPC bilayers have been observed simultaneously
from the biphasic dependence of the intensity of the
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STESR spectrum from an incorporated phosphatidyl-
choline spin-label on the time of incubation at 0°C. The
ability of STESR spectroscopy to distinguish both stages
in the formation of the sub-gel phase arises on the one
hand from the sensitivity to slow rotational diffusion
(i.e., to the chain dynamics) and on the other hand from
the sensitivity to weak spin-spin interactions between
labels (i.e., to the inhomogeneity of label distribution in
two-phase systems). It is likely that the method may also
be applied usefully to the study of lipid domain forma-
tion in other cases, ¢.g., those of lateral phase separation
in mixed lipid systems.
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