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The slow change of the repeat period of multilamellar structures accompanied by a thermal phase transition in 
dimyristoyl phosphatidylcholine containing 50% water was measured by a small-angle X-ray diffraction method 
employing the temperature-jump technique. The repeat period immediately after the application of a temperature 
jump from 25°C (fluid state, La) to 22.5°C (crystalline state, P~) was observed to be about 1 A larger than that at 
the steady state (65.1 A), and was then followed by a decrease to a steady value with a relaxation time of 70 rain. 
The slow decrease in the repeat period seems to be due to the transformation from loosely stacked to closely 
stacked multilamellar structures, the looseness being caused by the formation of contracted domains in each 
lamella at an early stage of the phase transition from the fluid to the crystalline state. 

Introduction 

The kinetics of the thermal phase transition of 
phospholipid multilamellar structures have been 
investigated by means of  the temperature-jump tech- 
nique [1-5] .  In most cases, optical measurements 
such as turbidity, fluorescence and light scattering 
have been used to discriminate between the fluid and 
crystalline states of the phospholipid bilayer. For 
example, relaxation phenomena in an aqueous disper- 
sion of  synthetic phosphatidylcholine were studied 
by Tsong and Kanehisa [4] using turbidity measure- 
ments, with the result of two relaxation times (1 and 
0.01 s time ranges) being obtained. The methods 
enumerated above offer information as to the lateral 
arrangement of  phospholipid molecules in each 
lamella. 

The kinetics with respect to the .change in the mul- 
tilamellar structure at the phase transition have been 

Abbreviations: DMPC, dimyristoyl phosphatidylcholine; 
DPPC, dipalmitoyl phosphatidyleholine. 

scarcely studied. The only example to be found 
which has any point of similarity to the kinetics of 
the multilamellar structure is the work of Lentz et al. 
[5] on the kinetics of the pretransition in phospha- 
tidyleholine multilamellar structures. According to 
these authors, the relaxation time for the pretransi- 
tion in DPPC is 4 - 3 0  min. 

Relative to the change in multilamellar structures 
on application of a temperature jump, the relaxation 
may be expected to be slower than that of the lateral 
arrangement of the phospholipid molecule in a 
bilayer, because the interlamellar distance is longer 
than the intermolecular distance of phospholipids. 

The phase transition temperature, corresponding 
to the crystalline-fluid transition, of multilamellar 
DMPC containing more than 30% water occurs within 
a temperature range of 23-24°C [4-8] .  In addition 
to the above-mentioned transition, there is a transi- 
tion at 11 *C, a so-called 'pretransition', which is asso- 
ciated with a structural transformation from a one- 
dimensional lameUa to a two-dimensional monoclinic 
lattice consisting of  lipid lamellar structures distorted 
by a periodic ripple. The hydrocarbon chains tilt 
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below the phase transition temperature. 
The present report describes the relaxation phe- 

nomenon of the repeat period of DMPC multilamellar 
structures when the temperature jumps from 25 to 
22.5°C. The repeat period was measured by the small- 
angle X-ray diffraction method. 

Experimental Procedure 

Synthetic DMPC was obtained from Sigma and 
was used without further purification. Small amounts 
of DMPC were mixed with an equal weight of 0.05 M 
phosphate buffer (pH 7.0) containing 0.I M NaCI 
and 2 . 1 0 - S M  EDTA. In this water-containing 
region, a slight difference in the water content from 
the desired water content does not change the crystal 
parameters [9,10]. The mixture was then incubated 
at 30°C, which is about 6°C higher than the phase 
transition temperature, for at least 1 h. 

Samples were sealed in a sample cell made of hard 
rubber, the window of which was made of polyester 
fdrn. The dimensions of the sample cell were 1.5 × 
1.5 × 1.5 mm. 

Temperature-controlled fluid flowed around the 
sample cell. A temperature jump from 25 to 22.5°C 
or in the reverse direction was obtained by switching 
the flow from two individual temperature-controlled 
fluid baths. The temperature jump was completed in 
less than 2 rnin. 

Nickel-filtered CuKa radiation from a DX-7 X-ray 
generator (JEOL, Japan) operating at 35 kV and 30 
mA was collimated on the sample through two slits 
(0.1 × 10 ram) separated by 300 mm from each other 
for small-angle X-ray diffraction. The second slit was 
located near the sample. The diffracted X-ray inten- 
sity was measured by means of a proportional 
counter employing the usual step-scanning method. 
Large-angle X-ray diffraction profiles were measured 
by means of a standard type scanning diffractometer. 

The diffraction profile must be obtained within a 
short time. The measurements relative to the time 
course of the first-order diffraction profile were taken 
in turn in 5 -8 ,  10-13,  20-23,40--43 and 100-103 
min after application of the temperature jump. To 
improve the level of accuracy, the measurements were 
repeated ten times for the small-angle region and six 
times for the large-angle region under identical condi- 
tions with the data obtained being averaged. 

R e s u l t s  

Small-angle X-ray diffraction 
An X-ray diffraction proffie obtained by the slit- 

collimating system does not reflect the exact diffrac- 
tion profile. Therefore, a diffraction proffie obtained 
by the slit-collimalSng system is unacceptable for an 
appraisal of precise crystallographic parameters. It 
may, however, be acceptable for the evaluation of 
changes in the crystallographic parameters under vari- 
ous conditions. 

Fig. 1 shows a small-angle X-ray diffraction profile 
obtained at 25°C which corresponds to the L a struc- 
ture. The nomenclature, La and Pa (to be used later), 
is that of Luzzati [11]. The fuU line indicates the ob- 
served diffraction profile which was smeared by slit 
collimation, while the dotted line indicates the 
desmeared diffraction profile *. The repeat period of 
the multilamellar structure obtained from the 
desmeared first-order diffraction peak was 61.5 A, 
which is close to the repeat period obtained by Tar- 
dieu and Luzzati [12]. The repeat period obtained 

* For the deconvolution to obtain the desmeared diffraction 
profiles, the slit length was assumed to be infinite. The true 
diffraction intensity I(e) is expressed by: 

_ ; T (,,6rZV) 

o 
d~x) 

Y(x) - 
dx 

ds (1) 

where ~x) is the diffraction intensity at the diffraction 
angle x, e the diffraction angle and s the angular parameter. 
The practical calculation was performed with the following 
equation instead of Eqn. 1, dividing the angular interval 
from 1 to 3 ° by AS = 0.02°: 

n I 

I(a) ~ - ~ [Y(~/a 2 + {(n + 1) A s ) ~  + 
n = 0  

- T(~/~ 2 + (. As)2)l 1 ~  + (. ,,s21-1 (2) 

where n' is the largest integer which satisfies the equation: 

e 2 + (n' + 1)2,~s 2 < 3 2 (3) 

As an exact diffraction profde is not required, the infinite 
slit length approximation is permitted. 
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Fig. 1. Small-angle X-ray diffraction profile of DMPC con- 
taining 50% water, at 25°C, ( ) Observed diffraction 
profile, ( . . . . . .  ) smeared diffraction prof'fle. The step inter- 
val was 0.02 °. The measuring time at one point was 40 s. 

from the observed first-order diffraction peak was 
about 1 A larger than that of the desmeared one. 
Fig. 2 shows the same profile at 22.5°C (P~ structure). 
The repeat period obtained from the desmeared first- 
order diffraction peak was 65.8 A. 

The time course of  the diffraction profile after the 
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Fig. 2. Small-angle X-ray diffraction profile of DMPC con- 
taining 50% water, at 22.5°C. ( -) Observed diffraction 
profile, ( . . . . . .  ) smeared diffraction profile. The step inter- 
val was 0.02 °. The measuring time at one point was 40 s. 
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Fig. 3. The observed first-order peak profile in the small-angle 
region. (a) Temperature jump from 25 to 22.5°C (downward 
temperature jump). (b) Temperature jump from 22.5 to 25*C 
(upward temperature jump). (B . . . . . .  e) Measured during 5 -8 
rain after application of the temperature jump; (o o) 
measured during 100-103 rain after application of the tem- 
perature jump. The step interval was 0.01 ° and the measuring 
time at one point was 10 s. 

application of the temperature jump was studied. Fig. 
3 shows the profiles of the f'trst-order diffraction mea- 
sured during 5 - 8  (dotted line) and 100-103 rain 
(full line) after application of the temperature jump 
from 25 to 22.5°C (downward temperature jump, a) 
or in the reverse direction (upward temperature jump, 
b). The peak position shifted toward the large reci- 
procal spacing side with the passage of time after 
application of the downward temperature jump. On 
the other hand, the peak position did not shift when 
the temperature jumped in the reverse direction. The 
apparent repeat period (d), which denotes the repeat 
period obtained from the observed first-order diffrac. 
tion peak, is shown in Fig. 4 as a function of time 
after application of the temperature jump. This 
apparent repeat period may be about 1 A larger than 
the repeat period obtained from the desmeared f'trst- 
order diffraction peak. Immediately after application 
of the downward temperature jump, the apparent 
repeat period increased up to nearly 68 A from 
66.4 A, which was the value at 25°C, and then 
decreased gradually to 67.2 A. The time course of the 
diffraction intensity at various diffraction angles is 
shown in Fig. 5. In the case of the downward temper- 
ature jump, the diffraction intensity at the large-angle 
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Fig. 4. Apparent repeat period obtained from the observed 
f'trst-order diffraction peak after application of the tempera- 
ture jump, (a) Downward temperature jump (25 to 22.5°C). 
(b) Upward temperature jump (22.5 to 25°C). 
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Fig. 5. The time course of the diffraction intensity at various 
diffraction angles after a downward temperature jump (a) 
and an upward temperature jump (b). The numerical quanti- 
ties indicate the value of 2sin 8/~. 
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Fig. 6. Logarithmic expression of the apparent repeat period 
which is assumed to have the form of d - d o = D e x p ( - t [ r ) .  

The value of d o is taken as 67.16 A. r ~ 70 rain, D ~ 0.7 A. 

side of the diffraction peak increased with the passage 
of time, while that at the small-angle side decreased. 
In the case of the upward temperature jump, on the 
other hand, the diffraction intensity did not show 
any significant change at any diffraction angles 
although the plots were dispersed. The relaxation 
time of the decrease in the apparent repeat period 
was about 70 min, assuming the apparent repeat 
period to be at the steady state (do)of  67.16 A. The 
plots of log(d - do) vs. time after application of the 
temperature jump are shown in Fig. 6. Since there is 
a considerable uncertainty about the apparent repeat 
period at the steady state, the accuracy of the relaxa- 
tion time was low. 

It  was confirmed by the following method that the 
second-order diffraction peak shows the same behav- 
ior as the first-order diffraction peak. The propor- 
tional counter was fixed at an angle corresponding to 
the second-order diffraction peak at 22.5"C. The 
X-ray intensity detected gradually increased up to a 
steady value after the downward temperature jump. 
The velocity of  the increase was comparable to the 
relaxation time of  the repeat period. 
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Fig. 7. Large-angle X-ray diffraction profile of DMPC con- 
raining 50% water. ( ) Prof'fle at 22.5°C. The sharp 
diffraction peak (approx. 4.25 A) can be seen. ( . . . . . .  ) 
Profile at 25°C. The broad diffraction peak (approx. 4.50 
A) can be seen faintly. 

Large~ngle X-ray diffraction 
Large-angle X-ray diffraction reflects the lateral 

arrangement of phospholipid molecules. Large-angle 
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Fig. 8. Large-angle spacing of DMPC containing 50% water 
after application of the temperature jump. (a) Downward 
temperature jump (25 to 22.5°C). Co)Upward temperature 
jump (22.5 to 25°C). 

X-ray diffraction prof'fles were obtained by using a 
standard diffractometer. Fig. 7 shows the large-angle 
X-ray diffraction profiles obtained at 25 and 22.5°C. 
A sharp diffraction peak (approx. 4.25 A) was ob- 
served at 22.5°C, and a broad one (approx. 4.50 A) at 
25°C. The large-angle spacing as a function of time 
after application of the temperature jump is shown 
in Fig. 8. Since the large-angle diffraction width at 
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25°C (La structure) was very broad, the plots of the 
spacing at 25°C were dispersed. The time course of 
the diffraction intensity at various diffraction angles 
in the case of the downward temperature jump is 
shown in Fig. 9. The remarkable change as seen in 
Fig. 5a cannot be seen here. In the case of the upward 
temperature jump, the plots of diffraction intensity 
were too dispersed to illustrate. It can be concluded 
from Figs. 8 and 9 that the change of the lateral 
arrangement of phospholipid molecules is faster than 
the change in the stacking of lamellar structures. 

Discussion 

The phase transition phenomenon is essentially a 
three.dimensional property of matter. Since an inter- 
lamellar interaction, however, may be weaker than 
the lateral interaction between phospholipid mole- 
cules, it is reasonable to assume that phase transition 
occurs with regard to the lateral arrangement of phos- 
pholipid molecules and that, consequently, the 
arrangement of lamellar stacking occurs gradually. 
The many papers published hitherto have shown the 
fast relaxation 0ess than 10 s) of phase transition 
[1 -4] .  As shown in Fig. 8, the phase transition is too 
fast to detect by the X-ray diffraction technique with 
respect to the lateral arrangement of phospholipid 
molecules. As mentioned in Results, the apparent 
repeat period of multilamellar structures increased up 
to near 68 A, at which time the temperature abruptly 
fell from 25 to 22.5°C. Subsequently, it decreased to 
67.2 A with a relaxation time of 70 rain. For this 
phenomenon only the following hypothesis seems 
possible. 

Each of the lamellar structures which make up the 
multilamellar structure contracts due to the decrease 
in the intermolecular distance at the phase transition 
from the fluid to the crystalline state. At the first stage 
of the phase transition from the fluid to the crystalline 
state, a large number of contracted domains must 
appear in each domain. These domains give rise to 
wrinkles on the lamellar structures. The average 
repeat period of a wrinkled lamellar stack 0oosely 
stacked multllamellar structures) must be larger than 
that of a periodic rippled lamellar stack (closely 
stacked multilamellar structures, steady state P~). As 
the int~lamellar interaction must be considered to be 
weak, the looseness of stacking remains for some 

time. Overcoming resistance, the loosely stacked mul- 
tilamellar structure tends to form a closely stacked 
multilamellar structure, the resistance being due to, 
for example, the entrance and exit of water through a 
lamellar or interlamellar gliding. It cannot be sup- 
posed at which step the formation of rippling of a 
lamella occurs. The process of.the phase transition 
proposed above is summarized as follows: 

muRilamell~r 
structure 

lamellar 
morphology 

~terfl 
~rangement 

closely 
stacked 

flat 

fluid 

loosely 
stacked 

wrinkled 

fluid 
+ 

crystalline 

loosely closely 
stacked stacked 

wrinkled rippled 
or rippled 

crystalline I crystal- 
line 

I 
¢ 

temperature --, -~ 
jump fast slow 

When the temperature jumped upward, the relaxation 
of the repeat period was not observed. This may have 
been due to the diminution of the resistance by the 
fluidity of the lamella. 

The relaxation time of 70 rain implies a fairly 
weak interlamellar interaction, or a large resistance 
which is obstructive to the formation of stacked 
lamellar structures. A relaxation time of a similar 
order has been obtained for the DPPC pretransition 
[5] as mentioned in the Introduction, and for myelin 
swelling [14] of which there Will be further mention. 
The pretransition is associated with a structural trans- 
formation intermediate between the stacking of a flat 
lamella and that of a rippled lamella. This transition 
does not occur in a unilamellar vesicle but does occur 
in a multilamellar vesicle [13]. Therefore, the pre- 
transition is associated with a long-range structural 
transformation. Such a long-range transformation 
might be expected to be slow. 

Padron et al. [14] studied the kinetics of myelin 
lattice swelling. According to these authors, the 
swelling process from subnormal or reassociated mye- 
lin to swollen myelin, or from swollen myelin to sub- 
normal myelin, takes place in 1 h or less. Although 
the two above-mentioned examples are not of the 
same kind as that of the present work, they do hold 
in common a structural change associated with the 



stacking o f  a lameUa which is slower than that  of  the 
lateral arrangement of  lipid molecules. An accurate 
diffraction profde extending over several orders was 
not  measured, so that details o f  the multflamellar 
structure such as the thickness of  the lameUa, the tilt  
angle o f  the hydrocarbon chain, the repeat period o f  
ripple, etc., could not  be estimated. Only the repeat 
period o f  the multi lamellar structure could be deter- 
mined. 
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