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The kinetics of the electrostaticaily induced phase transition of dimyristoyl phosphatidic acid bilayers was 
followed using the stopped-flow technique. The phase transition was triggered by a fast change in the pH or 
the magnesium ion concentration and followed by recording the time dependence of the absorbance. When 
the phase transition was induced by a pH jump the time course of the absorbance could be described by two 
exponentials, their time constants displaying the for cooperative processes characteristic maximum at the 
transition midpoint. The time constants are in the 10 and 100 ms range for the H + triggered transition from 
the fluid to the ordered state. A third slower process shows no appreciable temperature dependence and is 
probably caused by vesicle aggregation. For the OH--induced transition from the ordered to the fluid state 
the time constants are in the 100 and 1000 ms range. The fluid-ordered transition could also be triggered by 
addition of magnesium ions. Of the several observed processes only the fastest in the 10-100 ms time range 
could definitely be assigned to the fluid-ordered transition while the others are due to aggregation 
phenomena. The experimental data were compared with results obtained from pressure jump experiments 
and could be interpreted on the basis of theories for non-equilibrium relaxation. 

Introduction 

The thermodynamics of the lipid phase transi- 
tion has been widely studied in recent years. Much 
less is known about the kinetic aspects of this 
transition. We have recently reported on the tran- 
sition kinetics of phosphatidylcholine liposomes 
and vesicles and of dimyristoyl phosphatidic acid 
(DMPA) vesicles applying the pressure jump re- 
laxation technique with optical detection [1,2]. 
DMPA is an attractive system because the struct- 
ural properties of DMPA bilayers can be altered 
by variations of external parameters like pH, ionic 
strength of monovalent cations and addition of 
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divalent cations. The influence of electrostatic ef- 
fects on the bilayer phase transition has been 
studied by several groups [3-8] and compared to 
theoretical calculations based on the Gouy-Chap- 
man theory for the diffuse electrical double layer 
[9,10]. In our recent pressure jump relaxation study 
of phosphatidic acids we found a strong influence 
of the state of the head group on the kinetic 
behavior [2]. Strong headgroup interactions lead to 
slow transition kinetics. Three relaxation times 
could be distinguished, the time constants display- 
ing the characteristic maximum at the transition 
midpoijat. As the state of the phosphatidic acid 
headgroup can be altered by a change of the pH or 
the addition of cations, it offers the possibility to 
trigger the transition at constant temperature and 
pressure by mixing the vesicle suspension with 



dilute HC1 or NaOH, or by adding a salt solution. 
The first experiment of this type was reported by 
Strehlow and J~ihnig [11]. These workers mixed a 
suspension of the methyl ester of dimyristoyl phos- 
phatidic acid with dilute HC1 or CaC12 solution to 
trigger the transition from the fluid to the ordered 
state. The kinetics was followed by measuring the 
time dependence of the fluorescence anisotropy of 
1,6-diphenylhexatriene. One relaxation process in 
the 10 to 200 ms time range was observed. 

The aim of this study was to compare the 
results gained from our previous pressure jump 
experiments with DMPA vesicles with those from 
an electrostatically induced transition. In particu- 
lar we were interested, whether we would find 
several relaxations as in the pressure jump experi- 
ment, or only one as reported by Strehlow and 
Jiihnig [11]. In the case of DMPA we induced the 
ordered-fluid transition by the addition of dilute 
NaOH and the fluid-ordered transition by mixing 
with an HC1 or MgC12 solution. We measured the 
kinetics in a temperature range covering the transi- 
tions of both the initial and the final state. In all 
cases we found several relaxation processes, their 
time constants passing through maximum values 
at temperatures characteristic for the transition of 
the initial state before mixing. In accordance with 
the results obtained by Strehlow and Jahnig [11] 
for methyl phosphatidic acid the kinetics can be 
described by classical non-equilibrium relaxation 
with nucleation as the rate-determining step. 

Materials and Methods 

DMPA was purchased from Fluka (Neu-Ulm, 
F.R.G.) and used without further purification. 
Unilamellar vesicles were prepared as described 
before [12]. Turbidity vs. temperature curves were 
recorded using a Perkin-Elmer Model 124 spectro- 
photometer, The variable temperature cell holder 
was heated with a MGW Lauda K2R thermostat. 
Heating and cooling rates were approx. 2 K/min .  
For the kinetic experiments a Durrum Model 110 
Stopped-flow spectrophotometer was used. The 
phase transition of DMPA was triggered by mix- 
ing a 0.5 mM vesicle suspension with dilute HC1, 
NaOH or MgC12 solution, respectively. The time 
course of the absorbance at 360 nm was recorded 
with a Datalab DL 905 transient recorder. Evalua- 
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tion of time constants was done as described be- 
fore [13]. 

Results 

The transition temperature T m of our DMPA 
vesicle suspensions as a function of pH was de- 
termined by recording the absorbance as a func- 
tion of temperature. Our results for the pH depen- 
dence of T m agree with those published by Tr~iuble 
and Eibl [3] and Eibl and Blume [6]. In the kinetic 
measurements we triggered the transition by a pH 
jump. In the case of a pH jump into the alkaline 
pH region the change in the degree of transition O 
is schematically shown in Fig. 1. As T m is lower at 
pH 10 we induce in this type of experiment a 
transition from the gel to the liquid-crystalline 
state in the temperature range between 46 and 
54°C. Above 56°C the bilayer always remains in 
the liquid-crystalline state and below 46°C in the 
gel state, though the gel state bilayer structures for 
singly and doubly charged DMPA differ in the tilt 
angle of the hydrocarbon chains [8]. The time- 
course of the absorbance at 360 nm after a rapid 
pH jump from 6 to 10 is shown in Fig. 2. We 
observe a decrease of the absorbance corre- 
sponding to a change from the gel to the liquid- 
crystalline state. The curve can be fitted by two 
exponentials (see dashed line in Fig. 2). 

For the kinetic analysis of the stopped-flow 
data three processes have to be considered: (1) 
diffusion of O H -  through the bilayer; (2) dissocia- 
tion of D MP A -  (ordered) to DMPA 2- (ordered); 
(3) transition of DMPA 2- (ordered) to DMPA 2- 
(fluid). As proton transfer reaction are generally 
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Fig. 1. Scheme of the change of the degree of transition 0 for a 

pH jump from 6 to 10. 0 = 1 for the ordered and 0 = 0 for the 
fluid state. 
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Fig. 2. Time-course o f  the absorbance at 360 nm o f  a D M P A  

vesicle suspension after a pH jump from 6 to 10 (10 mV = 0.001 
A units). Temperature: 52.8°C, DMPA concentration: 0.5 mM, 
NaOH concentration: 1 mM. The dashed line is a simulation 
using two exponentials with time constants of 1.82 s and 61.7 
ms, respectively. 

diffusion controlled [14], reaction (1) will not be 
the rate-limiting step. To verify, that the diffusion 
of O H -  or H ÷ through the bilayer is not rate 
limiting we measured the permeation of H + /OH 
using an absorbance indicator entrapped in the 
vesicles [12]. We could show, that the H + / O H  - 
permeation in the temperature range above 50°C 
is faster by at least one order of magnitude and 
can therefore not be rate limiting. In addition the 
rate constants for permeation do not display the 
characteristic maximum at the transition midpoint 
as usually found for cooperative processes [12]. 
Both time constants evaluated from the relaxation 
curves pass through maximum values at T m (see 
Fig. 3). This proves that the observed processes are 
related to the cooperative phase transition and not 
to permeation. In contrast to the results obtained 
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Fig. 3. Temperature dependence of the time constants 3" 1 and ~'2 
of the ordered-fluid transition induced by a pH jump from 6 to 
10. The error margins for the time constants are approx. _+ 5% 
at the transition midpoint and increase to approx. _+ 10% below 
and above this temperature. 

in the pressure jump relaxation experiments [2] the 
slowing down of the transition is not observed at 
the transition temperature of the final state at pH 
10, i.e. 48°c, but more at the T m of the initial state, 
i.e. at 52-53°C. This apparently contradicting re- 
sult can explained by the assumption that the 
ordered-fluid transition proceeds from a bilayer 
state which is still characteristic for the singly 
charged form of DMPA. As the dissociation reac- 
tion (2) to DMPA z- is very fast, an ordered bi- 
layer state is produced which has not the equi- 
librium gel state structure of doubly charged 
DMPA, i.e. tilted chains, but remains in a state 
where the chains are still almost perpendicular to 
the bilayer surface [8]. It is from this bilayer 
structure that the reaction proceeds directly to the 
liquid-crystalline state. We thus observe a transi- 
tion from a state which is still structurally related 
to singly charged DMPA. This is in accordance 
with the finding that the time constants are much 
slower than those observed for doubly charged 
phosphatidic acids in the pressure jump experi- 
ments [2]. The time constants in Fig. 3 resemble 
more the two slower relaxation times in the pres- 
sure jump experiment. It cannot be excluded that 
a third faster process is also present in the 
stopped-flow experiment, but not observable be- 
cause its time constant is shorter than the dead 
time of our instrument. 

The transition from the fluid to the ordered gel 
state can be induced by mixing the DMPA vesicle 
suspension with 0.1 mM HC1 as schematically 
shown in Fig. 4. The time-course of the ab- 
sorbance after rapid mixing can in most cases be 
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Fig. 4. Scheme of the change in the degree of transition 0 for a 
pH jump from 7.7 to 6. 
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Fig. 5. Temperature dependence of the time constants ~1 and ~'2 
of the fluid-ordered transition induced by a pH jump from 7.7 

to 6. 

fitted with three exponentials. However, the slowest 
process in the second time range shows no distinct 
dependence on temperature and seems to be re- 
lated to aggregation of the vesicles. Only the two 
faster processes display the characteristic maxi- 
mum at T m as shown in Fig. 5. As the shift in T m 
for a pH jump from 7.7 to 6 is very small a 
distinction whether the maximum of the time con- 
stants is at the T m of the initial or final state 
cannot be made. 

The transition from the fluid to the ordered 
state can also be triggered by the addition of 
divalent ions, as they bind strongly to the charged 
headgroups. The binding of Ca 2÷ and Mg 2÷ leads 
to lowering of the surface charge density with a 
concomitant increase in the transition temperature 
[3]. We measured the dependence of T m on the 
Mg 2÷ concentration of our DMPA vesicle suspen- 
sion recording the absorbance at 360 nm. Our 
results agree with those published by Tr~iuble and 
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Fig. 6. Scheme of the change of the degree of transition O for 
the Mg2+-induced fluid-ordered transition. A 0.5 mM DMPA 
vesicle suspension was mixed with a 0.2 mM MgCI 2 solution. 
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Fig. 7. Temperature dependence of the time constant ~" of the 
fastest process of the Mg2+-induced fluid-ordered transition. 

Eibl [3]. Fig. 6 shows schematically the change in 
the degree of transition after mixing a 0.5 mM 
DMPA vesicle suspension with a 0.2 mM MgCI 2 
solution. The interpretation of the results of the 
kinetic experiments is somewhat ambiguous in this 
case due to slow diffusion of Mg 2÷ through the 
bilayer and aggregation of vesicles after Mg 2÷ 
binding. From the time dependence of the ab- 
sorbance at least three different processes could be 
resolved. Their time constants are in the 10-100 
ms, 0.5-1 s and 2-5  s range. As the two slower 
processes are probably partly due to aggregation, 
only the fastest process can definitely be assigned 
to the transition. As shown in Fig. 7 the time 
constant displays the characteristic maximum at 
T m. Thus it can be excluded that Mg 2÷ permeation 
is the rate-limiting step for this process, as in this 
case the time constant should decrease at T m as a 
consequence of enhanced ion permeation at the 
transition midpoint [15,16]. 

Discussion 

In our previous pressure jump relaxation study 
on the transition kinetics of DMPA vesicles we 
found a complex dependence of the time constants 
on pH and electrolyte concentration. In all cases 
we found two or three relaxation processes, respec- 
tively, each separated by approximately one order 
of magnitude [2]. The aim of this study was to test, 
whether results obtained from relaxation experi- 
ments, where the rapid change of a physical 
parameter, in our case pressure, triggers the phase 
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transition, are comparable to results from a com- 
pletely different type of experiment, where the 
change of a chemical variable, i.e. pH or ion 
concentration, induces the transition. In the only 
study of this type by Strehlow and J~ihnig [11] the 
time dependence of the fluorescence anisotropy of 
the probe diphenylhexatriene was recorded after 
triggering the transition of the methyl ester of 
phosphatidic acid by H + or Ca 2+. Diphenyl- 
hexatriene is sensitive to changes of the orienta- 
tional order of the lipid chains [11]. Strehlow and 
Jahnig observed only one relaxation time in the 
10-200 ms range. This process has a similar time 
constant as the slower process we observed in the 
H +-induced transition. However, a direct compari- 
son between these two sets of data is not possible, 
as we used DMPA, which has completely different 
transition characteristics than the methyl ester of 
DMPA. As shown in our previous paper [2], 
changes in headgroup structure lead to large varia- 
tions in the kinetic behaviour, in particular when 
strong attractive headgroup interactions are pre- 
sent. The differences between the two results seem 
therefore be related to the different chemical struc- 
ture of the two lipids and not to inherent dif- 
ferences in the type of process observed either by 
recording the absorbance or the fluorescence ani- 
sotropy of diphenylhexatriene, respectively. As 
Gruenewald [17] has shown, DPH does detect two 
relaxation processes in phosphatidylcholine vesicles 
as observed before in the pressure jump experi- 
ment with turbidity detection [1]. 

Comparing the results of our previous pressure 
jump experiments with DMPA with those reported 
here for the electrostatically induced transition, 
the obvious differences are that in this case the 
structure of the initial state determines the transi- 
tion kinetics. The time constants for the OH-- in-  
duced transition are much slower than those ob- 
served in a pressure jump experiments of vesicles 
at pH 10. As mentioned above, the system obvi- 
ously relaxes directly to the liquid-crystalline state 
without first adopting the equilibrium gel state 
structure at this particular pH. The similarities are, 
that we definitely observe more than one relaxa- 
tion process as in the pressure jump experiment. A 
direct comparison of the time constants derived 
from both types of experiments is not possible due 
to the inherent differences in the initial states from 

which the transition proceeds. 
In the stopped-flow experiment the system is in 

a non-equilibrium state after the rapid mixing 
process. As shown by Strehlow and J~ihnig [11] the 
kinetics can be described using classical theories 
for relaxations from non-equilibrium states. Fol- 
lowing these theories two different mechanisms 
can be distinguished, depending on whether the 
non-equilibrium state is unstable or metastable 
[18,19]. For the first case the relaxation time T 
depends on the degree of dissociation a according 
to 

, r-  ( a ' -  aT) 1/2 (1) 

where a '  is the degree of dissociation after the pH 
jump, which is fixed in our type of experiment, 
and a r is the degree of dissociation, which would 
lead to a transition at this particular temperature 
T. a r can be taken from a plot of the dependence 
of T m on a (see Fig. 8), which is constructed from 
a titration curve of DMPA and a plot of the pH 
dependence of the transition temperature T m [3,11]. 

For the second type Strehlow and J~ihnig [11] 
found the following relation between ~- and a: 

* - e x p [ c o n s t . / ( a ' - a r )  ] (2) 

For the fluid-ordered transition of methyl phos- 
phatidic acid Strehlow and J~ihnig found a depen- 
dence of ~- on a according to Eqn. 2 and concluded 
that the relaxation mechanism is of the 'hetero- 
phase'  fluctuation type. 

Plots of the time constants of Fig. 3 (transition 
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Fig. 8. Dependence of the transition temperature T m of DMPA 
on the degree of dissociation a. 



583 

3001 

200 

100 

t n z  

Q 

~×x 
1.5 2 0 

T2 

%1 

1 

¢~'- ~T 

z2ls] 

2.0 

15 

10 

05 

/, 

' x X  

Xx E 2 

b 

2 3 ~ 5 
1 

Ct'- 01. T 

Fig. 9. (a) Plot of the time constants 'i" 1 and '/2 of the O H -  
induced transition according to Eqn. 1. (b) Plot of the time 
constants  according to Eqn. 2. See text for further explana- 
tions. 

in the time constants between OH--  and H+-in - 
duced transition can be interpreted in the follow- 
ing way. The addition of protons facilitates better 
packing of the lipid molecules due to increased 
hydrogen bonding between headgroup, whereas 
the addition of hydroxyl ions produces doubly 
charged headgroups which cannot be hydrogen 
donors. The possibility to form an increased num- 
ber of hydrogen bonds obviously accelerates the 
nucleation step, so that the transition from the 
fluid to the ordered state proceeds faster than the 
transition from the ordered to the fluid phase in 
the case of the pH jump into the alkaline pH 
region. Here clusters of DMPA in the fluid state 
have to be formed, but they cannot be stabilized 
by hydrogen bond interactions. The results ob- 
tained for the Mg2÷-induced transition can be 
interpreted in a similar way. They agree with those 
reported by Strehlow and J~ihnig for the Ca 2+ 
induced transition of methyl phosphatidic acid 
[11]. However, we observe additional slower 
processes, which we think are due to aggregation 
phenomena, but it cannot be excluded that they 
obscure other processes which are still related to 
the transition. 

The results of our stopped-flow experiments 
show, that the electrostatically induced transition 
is also complex, as two or more relaxation processes 
can be resolved. The two time constants evaluated 
differ by approximately one order of magnitude. 
This is in agreement with our previous pressure 
jump experiments of the same system [2]. It shows, 
that the phase transition mechanisms for transi- 
tions induced by the change of a physical parame- 
ter or a chemical variable are very similar. 

from the ordered to the fluid state) according to 
Eqns. 1 and 2 are shown in Fig. 9. It is evident 
that only a plot according to Eqn. 2 gives a 
straight line for both time constants. The same 
result is obtained when the time constants for the 
H +-induced transition from the fluid to the ordered 
state are plotted. Thus for DMPA vesicles both 
transitions, i.e. the ordered-fluid as well as the 
fluid-ordered, start from a metastable non-equi- 
librium state. This is in agreement with the results 
of Strehlow and Jahnig and the observations in the 
pressure jump experiments. Thus nucleation is the 
rate-limiting step in the transition. The differences 
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