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X-ray Analysis of the Kinetics of Escherichia coli Lipid and Membrane

Structural Transitions’

Jean Luc Ranck,* Lucienne Letellier, Emanuel Shechter, Brigitte Krop, Pierre Pernot, and Annette Tardieu

ABSTRACT: Synchrotron radiation was used to follow the time
course of the transitions, induced by temperature jump, in
Escherichia coli membranes and their lipid extracts isolated
from a fatty acid auxotroph grown with different fatty acids.
We measured the relaxation times associated with the phase
transitions as well as with the conformational transition of the
hydrocarbon chains and observed different behavior as a
function of chemical composition. Relaxation times of about
1-2 s were found at a hexagonal to lamellar phase transition
and within a lamellar phase whose parameters display im-
portant variations with temperature when the conformational
transition takes place. On the other hand, no delay was ob-

Lipid—water systems are known to exhibit a remarkable
polymorphism as a function of temperature and water content
(Luzzati & Tardieu, 1974). In addition, the hydrocarbon
chains of the lipids undergo reversible, temperature-dependent
transitions between disordered (type ) and partially ordered
(type 8, 8’) conformations (Tardieu et al., 1973; Ranck, 1983).
Such systems have been extensively studied by using a variety
of physical techniques (X-ray diffraction, calorimetry, spec-
troscopy, etc.) and a number of phases, and a variety of hy-
drocarbon chain conformations are now fairly well charac-

t From the Centre de Génétique Moléculaire, C.N.R.S., 91190 Gif-sur
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Université Paris-Sud, 91405 Orsay, France. Received January 9, 1984.

served for a phase transition where large lipid or water dif-
fusion was not needed. We have shown that phase transitions
and conformational transitions are, to a large extent, uncoupled
and that the relaxation times corresponding to the latter
transition could be related to the size of the ordered domains.
In all cases, the order to disorder conformational transition
is more rapid than the disorder to order transition. Finally,
the relaxation times of the disorder to order transition observed
with the membranes and with their lipid extracts were found
to be strongly correlated, indicating that the proteins do not
play a role in this transition.

terized [for recent reviews, see Zannoni et al. (1983), Kimmich
et al. (1983), Hemminga (1983), and Ranck (1983)].

In the past, we have used high-angle X-ray diffraction to
investigate the behavior as a function of temperature of various
cytoplasmic membranes and lipid extracts isolated from an
Escherichia coli unsaturated fatty acid auxotroph. This en-
abled us to establish correlations between structural, mor-
phological, and physiological properties of these systems
(Shechter et al., 1974; Letellier et al., 1977). In the present
study, the earlier work is extended to an analysis of the time
course of the transition phenomena induced by temperature
jumps.

First, we recorded both high- and low-angle diffraction
patterns for the lipid extracts in the presence of water. The
structure of the phases observed as a function of temperature

0006-2960/84/0423-4955801.50/0 © 1984 American Chemical Society
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FIGURE 1: Typical temperature jump.

(long-range order) can thus be determined in addition to the
conformation of the hydrocarbon chains (short-range order)
previously analyzed. Second, and more importantly, dynamic,
as well as static, studies were performed. The high X-ray
fluxes from a Synchrotron radiation source and a specially
designed temperature-jump apparatus (T-jump apparatus)
allowed us to determine the time required for the various
transitions to take place, within both the cytoplasmic mem-
branes and the isolated lipid extracts.

Materials and Methods

Apparatus. (A) X-ray Experiments. X-ray diffraction
studies were performed with the small-angle camera, described
in detail elsewhere (Koch et al., 1982), at the Synchrotron
Radiation Laboratory, L.U.R.E., Orsay, France.

Low-angle diffraction data were obtained with a linear
position sensitive detector (PSD) with delay line position en-
coding (Gabriel, 1977). High-angle diffraction data were
recorded with a multiwire detector (Pernot et al., 1983). In
both cases, the same data acquisition system, specifically
designed by one of us (P.P.) for kinetic experiments, was used.
Up to 35 spectra of 512 channels could be sequentially re-
corded according to a preprogrammed time sequence. Once
the acquisition was completed, the data were stored on a PDP
disk.

(B) T-Jump Apparatus. An X-ray-transparent sample cell
(area, 4 mm X 2 mm; thickness, 0.5 mm) has built-in Peltier
elements whose rapid current inversion allows T jumps of
several tens degrees centigrade to be achieved. The cooling
rate varies from 10 to 20 °C/s, while the heating rate can be
as high as 30 °C/s. The speed may vary slightly as a function
of the temperature range of the jump, yet a given T jump may
be repeated with perfect reproducibility. A typical T jump
is shown in Figure 1. During an actual X-ray experiment,
the temperature can only be measured outside the sample.
Control experiments have shown that the times required to
reach a given temperature during a T jump, measured inside
and outside the sample cell, differ at most by about 300 ms.
This sets the lower limit of the calculated delays (see below).

Experimental Procedures. High- or low-angle X-ray spectra
were first recorded in a static way as a function of the tem-
perature. The recording time at each temperature was varied
between 1 s and 1 min depending upon the diffracted intensity.
From these spectra, the domain of existence of the various
phases and the transition temperatures were determined, and
the extreme temperatures of the T jumps were chosen so as
to cover the transition of interest. Kinetic experiments were
then performed on the same sample by starting simultaneously
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the T jump and the data acquisition. We used the following
recording time sequence: 10 spectra of 100 ms, 20 spectra of
200 ms, and 5 spectra of 600 ms for each T jump. To improve
the counting statistics, 5-20 T-jump cycles were performed
on each sample. It is worth mentioning that lipid and mem-
brane transitions are reversible phenomena and that the sys-
tems are able to withstand repeated cycles. Static spectra
taken, at the same temperature, before and after a series of
T-jump cycles were perfectly superposable.

The data presented here are raw data. They are unsmoothed
and uncorrected for background scattering, collimation dis-
tortions, or detector response.

Samples. Cytoplasmic membranes and the lipid extracts
were prepared as previously described (Shechter et al., 1974).

The samples used were pellets of the cytoplasmic membranes
isolated from an E. coli unsaturated fatty acid auxotroph
grown on two different unsaturated fatty acids, elaidic acid
(A%*ans C18:1) and oleic acid (A%® C18:1). The membranes
are specifically enriched in these unsaturated fatty acids
(Shechter et al., 1974) and referred to in the following as
elaidate membranes and oleate membranes, respectively.

The lipids were extracted from the isolated membranes and
mixed with water in about a 1:1 (w/w) ratio approximating
the water content of the membrane pellets. We refer to them
as elaidate lipids and oleate lipids, respectively.

The fatty acid composition of elaidate lipids and membranes
was 2% C12:0, 16% C14:0, 10% C16:0, and 72% trans C18:1.
The fatty acid composition of oleate lipids and membranes was
1% C12:0, 16% C14:0, 36% C16:0, 40% cis C18:1, 5% cis
C18:2, and 2% unknown (Shechter et al., 1974).

Lipids were also extracted from membranes isolated from
Bacillus subtilis. They contain about 60% branched fatty acids
and 40% saturated ones (Legendre et al., 1980).

Results

Static Analysis. The first step of the data analysis was to
determine the structural characteristics of each sample as a
function of temperature.

The high-angle part of the X-ray diffaction pattern gives
information on the organization of the hydrocarbon chains.
In all systems, at sufficiently high temperature, a broad band
was observed around 1/4.5 A-!, characteristic of a disordered
conformation of the hydrocarbon chains (@ conformation)
(Luzzati & Tardieu, 1974). Whith decreasing temperature,
for E. coli lipids and membranes there appeared, superimposed
on this broad band, a sharp reflection centered at 1/4.2 Al
indicating the presence of stiff and parallel hydrocarbon chains,
oriented at right angles to the plane of the lamellae and or-
ganized with rotational disorder on a two-dimensional hex-
agonal lattice (8 conformation) (Luzzati & Tardieu, 1974).
This situation is common in lipids with heterogeneous fatty
acid composition and corresponds to the temperature-induced
segregation, within the lamellae, of domains with hydrocarbon
chains in either « or 8 conformations (Ranck, 1983). This
mixed organization of the hydrocarbon chains is usually re-
ferred to as af (Figure 2). The integrated intensity of the
1/4.2-A" reflection is proportional to the amount of ordered
hydrocarbon chains within the lamellae (Shechter et al., 1974).

The high-angle data reported here confirm the results
previously described (Shechter et al., 1974; Legendre et al.,
1980). Thus, (i) the order—disorder transition is qualitatively
similar for a given membrane and for the corresponding total
lipid extract, the temperature range of the transition being
similar (although not identical) for a given membrane and for
the corresponding lipid extract (Figure 2), (ii) only a fraction
of the lipid chains becomes ordered at the low-temperature
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FIGURE 2: “Phase diagrams” of the various systems studied. The
amount of water was on the order of 60% (not accurately determined).
At low angles, the regions indicated in grey correspond to temperature
domains where mixtures of phases were observed. At high angles,
the grey regions correspond to temperature domains where the amount
of ordered chains varied. The arrows indicate the extreme temper-
atures of the T jumps that have been performed. (A) Elaidate lipids
and membranes. Note that the main « to 8 transition occurs at the
H-LI transition. «;8; and a,8, correspond to different ratios of
ordered () and disordered (a) chains. (B) Oleate lipids and mem-
branes. (C) Bacillus subtilis lipids.

end of the transition, (iii) the amount of ordered lipids is larger
for a given lipid extract than for the corresponding membrane,
and (iv) the temperature range of the transition is dependent
upon the fatty acid composition and is thus different for
different membranes (or different lipid extracts).

The actual range of the transitions from the disordered
conformation () to the partially ordered conformation (af)
is displayed in Figure 2. It includes between 25 and 45 °C
for elaidate membranes and lipids and between 10 and 30 °C
for oleate membranes and lipids. These results clearly indicate
that while proteins present in the membrane affect the amount
of lipids involved in the order—disorder conformational tran-
sition, they do not greatly disturb the temperature range of
that transition.

In the case of Bacillus subtilis lipids and membranes, as
a consequence of the presence of branched fatty acids, a broad
reflection at 1/4.3 A~! is observed at low temperature instead
of the sharp 1/4.2-A! reflection observed with E. coli lipids
and membranes (Legendre et al., 1980). The order to disorder
transition was found to occur between 5 and 20 °C for the lipid
extracts. Although it occurs in the same temperature range,
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the transition within the membranes could not be accurately
analyzed because of the low intensity of the 1/4.3-A" re-
flection.

Low-angle X-ray diffraction patterns recorded as a function
of temperature on the lipid extracts display sharp reflections
whose relative spacings allowed us to determine the type of
the phases involved. From these spacings and their evolution
as a function of temperature, all the phases described below
behave as pure phases with no water in excess. The results
are displayed in Figure 2.

Elaidate lipids display, as a function of decreasing tem-
perature, a hexagonal phase, then a first lamellar phase (L1),
and then a second lamellar phase (L2) having a different
repeat distance. The main order—disorder transition of the
hydrocarbon chains takes place at the H-L1 transition. Within
L1, and as a function of decreasing temperature, the amount
of ordered chains is first seen to vary slightly and then remains
constant. An additional fraction (5-10%) of the lipids becomes
ordered at the L1-L2 transition. At the low end of this
transition, about 95% of the hydrocarbon chains are ordered
(Shechter et al., 1974).

Oleate lipids display, as a function of decreasing tempera-
ture, a hexagonal and a lamellar phase (L1). The order to
disorder transition of the hydrocarbon chains takes place within
L1. The repeat distance of L1 is seen to evolve continuously
during this transition. At the lower end of the transition, about
50% of the hydrocarbon chains are ordered (Shechter et al.,
1974).

Lipids isolated from Bacillus subtilis membranes display,
as a function of decreasing temperature, two lamellar phases
(L1 and L2) having different, although close, repeat distances.
The order to disorder transition of the hydrocarbon chains
takes place during the phase transition.

The relationships between long-range and short-range order
are therefore different in the three systems presented above:
the main disorder to order conformational transition occurs
at a hexagonal to lamellar phase transition for elaidate lipids,
within a lamellar phase for oleate lipids, and at a lamellar-
lamellar phase transition for B. subtilis lipids.

Kinetic Analysis. The T jumps that were studied are dis-
played schematically in Figure 2.

We first verified that the initial and final spectra were
identical with the corresponding ones taken statically. Then,
the sequence of events observed as a function of time after
initiation of the temperature jump was compared to that ob-
served in the static experiments as a function of temperature.
We observed that, for both low and high angles, each dynamic
spectrum could be correlated with a static one having essen-
tially similar peak positions, widths, and intensities (minor
differences could have escaped us as the counting statistic is
limited in dynamic experiments). The evolution of some X-ray
spectra as a function of time is shown in Figure 3.

However, we observed that the spectra recorded at a given
sample temperature during the temperature jump may differ
from the spectra recorded at the same temperature in static
experiments. This indicates that the transitions are not in-
stantaneous. The comparison of static and dynamic data may
thus lead to the determination of the time required for the
various transitions to take place. Operationally, we expressed
this time in terms of a delay which was quantified in the
following way. For each sample, we searched for the param-
eter that was varying most as a function of temperature, the
peak position or the peak integrated intensity for instance, and
plotted for the kinetic data the evolution of this parameter vs.
time. From the static experiments, we can plot the evolution
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FIGURE 3: Examples of raw X-ray data recorded as a function of time. The 35 spectra were normalized to equal recording time. (A) Low-angle
data recorded with oleate lipids. The two main peaks are the second and third order of a lamellar repeat. The repeat distance varies from

96 A at high temperature up to 107 A at low temperature. The T ju
lipids. The main peak is the second order of a lamellar repeat of 105

Aﬁwas from 35 to 7 °C. (B) Low-angle data recorded with B. subtilis

The repeat distance is about the same at low temperature. Note,

however, the broadening of the reflections at low temperature (that hinders precise determination of the repeat distance). The T jump was
from 22 to 10 °C. (C) High-angle data recorded with elaidate lipids. The T jump was from 47 to 15 °C. (D) High-angle data recorded
with oleate lipids. The T jump was from 33 to 5 °C. (E) High-angle data recorded with elaidate membranes. The T jump was from 42 to
30 °C. Note that in panels C-E the relative intensity of the 1/4.2-A! reflection vs. background provides an estimate of the amount of ordered

chains present in the X-ray beam during each experiment.

of this desired parameter vs. temperature. Since during kinetic
experiments we also recorded the evolution of temperature vs.
time during the T jump (Figure 1), it is therefore possible to
translate the evolution of the desired parameter recorded as
a function of temperature during the static experiments into
a pseudo evolution as a function of time. We thus obtained
two curves of intensity vs. time, one equivalent to the variation
of the signal that would be obtained during the temperature
jump if the sample structure was at all times that corre-
sponding to the sample temperature (“static” curve) and the
other being the experimental curve (“dynamic” curve). The
curves, normalized, were plotted on the same figure (see
Figures 4-6). We define the delay as the time difference
between both curves at midtransition. The data are summa-
rized in Table I. Dynamic data can also be plotted as a
function of the time difference between the static and dynamic
values. Examples of such representations are given in Figure
T

Elaidate. At low angles, we followed the integrated in-
tensities of different parts of the X-ray spectra that contain

Table I: Midtransition Delays (in Seconds) Calculated from the
Data of Figures 4-6°

elaidate oleate
— e B. subtilis
lipids membranes, lipids membranes, lipids,
la ha ha la ha ha la
down 09(H 1.8 09 1.0 0 0 0
to
L1)
up 0.6 0.6 0 04 0 0 0

“Down and up correspond to temperature jumps starting respectively
from high and low temperatures (see Figure 2 for the T jumps per-
formed). Abbreviations: la, low angles; ha, high angles.

characteristic features of the various phases. These regions
are indicated in Figure 4A; the evolution of region I displayed
in Figure 4B,C shows the disappearance of the hexagonal
phase during an H to L2 jump and its appearance during the
reverse jump; the evolution of region IV displayed in Figure
4D shows the appearance and disappearance of the L1 phase
during the H to L2 jump.
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FIGURE 4: Comparison of static (O) and dynamic (X) low-angle data
for elaidate lipids. See the text for the definition of static and dynamic
data. (A) Low-angle X-ray spectra (static) at various temperatures
as a function of 5 {s = 2 sin §/)): (—) hexagonal phase; (---) L1
phase; () L2 phase. The spectrum has been divided into five regions
(I-V). Region I is sensitive to the H to L1 transitions and has been
used to determine the delays involved during these transitions. Region
IV is sensitive to the appearance and disappearance of the L1 phase
and has been used to determine the delay involved in the L1 to L2
phase transition. Time dependence of the integrated intensity (in
arbitrary units) for region I (H to L1 phase transition) (B), region
I (L1 to H phase transition) (C), and region IV (L1 to L2 phase
transition) (D). The arrows indicate when pure L1 and L2 phases
are observed, either in static (s) or in dynamic (d) experiments. The
temperature jump was from 50 to 12 °C (B and D) or from 12 to
50 °C (C).

From these data, the H to L1 phase transition displays a
midtransition delay of 0.9 s. The maximum intensity of the
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FIGURE 5: Comparison of static (O) and dynamic (X) high-angle data
for elaidate lipids and membranes. The parameter followed in all
cases was the integrated intensity (in arbitrary units) of the 1/4.2-A!
reflection. (A) Elaidate lipids; T jump from 47 to 15 °C. (B) Elaidate
membranes; T jump from 42 to'30 °C. (C) Elaidate lipids; T jump
from 15 to 47 °C. (D) Elaidate membranes; T jump from 30 to 42
°C.

L1 reflections is observed after some 2 s, and the additional
time required to achieve the L1 to L2 transition is about 1.6
s. The L1 to H phase transition displays a midtransition delay
of 0.6 s. Note that the process seems to slow down as a
function of time and to involve at least two relaxation times
(better seen in Figure 7). The transition is complete after
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FIGURE 6: Comparison of static (O) and dynamic (X) low- and
high-angle data for oleate lipids. At low angles, the parameter followed
was the position of a given lamellar reflection; at high angles, the
parameter followed was the integrated intensity of the 1/4.2-A"
reflection. (A) Low-angle data; T jump from 35 to 7 °C. (B)
Low-angle data; T jump from 7 to 35 °C. (C) High-angle data; T
jump from 35 to 5 °C.

about 5s. The L2 to L1 phase transition was not followed.
Similar results were obtained from the analysis of regions II,
I1I, and V (data not shown).

From high-angle data, the disorder to order conformational
transition of the hydrocarbon chains that accompanies the H
to L1 phase transition displays a midtransition delay of 1.8
s (Figures 5A and 7), which is larger than the H to L1 delay
observed with the low angles. The transition is observed after
a lag time. This may be explained in terms of two successive
events taking place. Indeed, a hexagonal phase cannot ac-
commodate ordered hydrocarbon chains; thus, the phase
transition from H to L1 has to be completed before the or-
dering of the chains may take place. We conclude, therefore,
that the delays corresponding to these two kinds of events are
additive and that the ordering, per se, of the hydrocarbon
chains in the lamellar phase displays a midtransition delay of
about 1 s. The small additional ordering of the hydrocarbon
chains which accompanies the L1 to L2 phase transition could
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FIGURE 7: To “eliminate” the time required to achieve the temperature
jumps, the dynamic data (AP stands for the normalized variation of
the parameter that was followed during the experiment) can also be
plotted as a function of the time difference between static and dynamic
data. Examples of such representations, where the experimental data
have been smoothed, are given here. The midtransition delay thus
corresponds to the time required by AP to reach 50%. (©) Corresponds
to the data of Figure 4C; (A) data of Figure 5A; (@) data of Figure
6A.

not be detected kinetically. Finally, the order to disorder
transition appears to be faster; yet a small delay of about 0.6
s is observed (Figure 5C).

The disorder to order delay observed for elaidate membranes
(under conditions where no hexagonal to lamellar phase
transition occurs, of course) is 0.9 s (Figure 5B), identical with
the one observed with the lipid extracts. No delay was detected
for the order to disorder transition (Figure 5D).

Oleate. Oleate lipids do not diplay a phase transition in the
temperature range where the disorder to order transition takes
place. However, the repeat distance of the lamellar phase is
continuously and significantly evolving in this temperature
range. The evolution of the peak positions displays a mid-
transition delay of 1.0 and 0.4 s as a function of decreasing
and increasing temperature, respectively (Figure 6A,B). In
both cases, the process seems to slow down as a function of
time. The transitions are complete after about 4.5 s (Figure
7.

No delay was observed for the disorder to order transition,
neither for the lipids (Figure 6C) nor for the membranes (not
shown). Thus, the disorder to order transition and the evo-
lution of the lamellar phase appear uncoupled.

Bacillus subtilis. No delay was observed during the tem-
perature jump following the L1 to L2 phase transition or vice
versa (not shown). The disorder to order transition could not
be followed kinetically as the signal was too small.

Discussion

The use of synchrotron high-X-ray fluxes combined with
a temperature-jump apparatus has made it possible, for the
first time, to determine some of the relaxation times associated
with phase transitions or conformational transitions of mem-
brane lipids and to demonstrate rather different behavior as
a function of hydrocarbon chain composition.

Our present analysis is rather coarse and limited to that of
the changes of a few parameters: peak positions or integrated
intensities. The counting statistics forbid a finer analysis that
could be obtained by, for example, analysis of the change in
width of the reflections or in the relative intensities of the
low-angles peaks. Also, some transitions were too fast to be
followed with our present equipment. In turn, such a coarse
analysis does not require the consideration of effects like
possible temperature heterogeneity due to sample size, thermal
conductivity, or specific heat of the sample, which could play
a role at a finer analysis level.
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The relaxation times associated with the long-range or-
ganization of the lipids seem to be well correlated, as expected,
with the extent of underlying structural changes. The H to
L1 transition of elaidate lipids or the large evolution of the
L1 phase of oleate lipids (10% change in the repeat distance),
that involve large lipid and water rearrangements, has a re-
laxation time on the order of 1.0 s, and we have seen that some
seconds are needed for the transition to be achieved. The L1
to L2 phase transition of B. subtilis lipids, where similar repeat
distances are observed, takes place without measurable delay.
The results obtained with elaidate and oleate lipids seem to
indicate that several mechanisms are responsible for the ob-
served time course of the transitions. Comparison with the
results obtained with Bacillus subtilis lipids suggests that lipid
and/or water diffusion over large distances is a limiting factor
in the rate of the transition. Kinetic experiments as a function
of water content would probably help in the analysis of such
phenomena.

The relaxation times associated with the short-range order
of the hydrocarbon chains were shown to be relatively inde-
pendent of the relaxation times associated with long-range
order. Thus, no delay was observed for the disorder to order
transition of oleate lipids while the establishment of long-range
order requires a delay. On the other hand, besides the delay
needed for the H to L1 phase transition, an additional delay
is required for the disorder to order transition of elaidate lipids
to take place.

In the membranes, the presence of proteins does not in-
troduce any significant additional delay in the conformational
transition of the lipids. A similar delay is observed for the
disorder to order transition of both elaidate membranes and
elaidate lipids as well as for both oleate membranes and oleate
lipids. This result indicates that although the proteins affect
the amount of lipids taking part in the disorder to order
transition, they do not significantly modify the time course
of the disorder to order conformational transition of the lipids,
which suggests that the proteins do not interact with the lipids
that undergo the conformational transition.

The delay for the disorder to order transition has been shown
to be rather different for elaidate lipids (or membranes) and
oleate lipids (or membranes), 1.0 s and no delay, respectively.
That difference might be the consequence of the different sizes
of the ordered domains in both cases. Large ordered domains
have been demonstrated by freeze-fracture electron micros-
copy for elaidate membranes and much smaller domains for
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oleate membranes (Shechter et al., 1974). The limiting step
for the disorder to order transition could thus be related to
domain growth and/or nucleation. The existence of large
domain size could also explain why the order to disorder
transition of elaidate lipids is not instantaneous, albeit faster
than the disorder to order one. Finally, it should be stressed
that the existence of a delay is not related to the absolute
amount of lipids taking part in the transition: the amount of
ordered lipids is about the same in elaidate membranes that
display a delay (55%) and in oleate lipids that do not (50%).
Finer analysis would require higher X-ray intensities and
faster temperature-jump equipment in order to improve the
counting statistics and to detect faster transitions. The data
presented here demonstrate the potential of such studies.
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