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Abstract

Phospholipase A, (PLA;) is an interfacially active enzyme whose hydrolytic activity is known to be enhanced in one-
component phospholipid bilayer substrates exhibiting dynamic micro-heterogeneity. In this study the activity of PLA,
towards large unilamellar vesicles composed of DPPC:SMPC and DMPC:DSPC:SMPC is investigated using fluorescence
and HPLC techniques. Phase diagrams of the mixtures are established by differential scanning calorimetry and the PLA,
activity, monitored by the lag time, is correlated with the phase behavior of the mixtures. In addition, the degree of lipid
hydrolysis in the DMPC:DSPC:SMPC lipid mixtures is detected by HPLC. The PLA, activity is found to be significantly
increased in the temperature range of the coexistence region where the lipid mixtures exhibit lateral gel-fluid phase
separation. Furthermore, in the entire temperature range it is demonstrated that PLA, preferentially hydrolyzes the short
chain DMPC lipid. This discriminative effect becomes less pronounced when the asymmetric lipid SMPC is present in the
lipid substrate. Inclusion of SMPC into either DPPC or DMPC:DSPC vesicles prolongs the lag time. The results clearly
show that the PLA, activity is significantly enhanced by lipid bilayer micro-heterogeneity in both one-component and multi-
component lipid bilayer substrates. The PLA, activity measurements are discussed in terms of dynamic gel-fluid lipid
domain formation due to density fluctuations and static lipid domain formation due to gel-fluid phase separation. © 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

The lipid bilayer, which consists of a variety of
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DPPC, dipalmitoyl-sn-phosphatidylcholine; DSPC, distearoyl- cesses taking place in association with cell mem-
sn-phosphatidylcholine; SMPC, stearoylmyristoyl-sn-phosphati- branes [1,2]. Several studies using well-defined lipid

dylcholine; DSC, 'd1fferent1a1 scanning calorimetry; HPLC, high bilayer systems have focused on elucidating the struc-
performance liquid chromatography; LUV, large unilamellar

vesicle: MLV, multilamellar vesicle tural and dy'namlca.l propert1e§ of lipid bllay.er mem-
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is well known that one-component lipid bilayers dis-
play a number of thermotropic phase transitions
which might be of importance for the biological
functioning of membranes [4,5]. In particular, the
chain melting transition which takes the lipid bilayer
from an ordered gel to a more dynamic fluid state
has been subject to intensive studies [6-9]. Evidence
of dynamic lipid domain structures on the nanometer
scale in the vicinity of the main phase transition tem-
perature, T, has encouraged speculations of the bio-
logical relevance of phase changes that is either of
thermotropic or compositional origin [10-14]. It has
been shown that several membrane bound proteins
exhibit activities that are intimately related to the
existence of a small-scale lipid structure [15]. In
one-component systems, density fluctuations and dy-
namic gel and fluid lipid domain formation in the
proximity of the main phase transition temperature,
Twm, can give rise to small-scale structures in the
nanometer range [8,10]. In the case of multi-compo-
nent lipid mixtures, the mixing properties of the dif-
ferent lipids may lead to equilibrium and non-equi-
librium phase separation and gel-fluid domain
formation on different length and time scales [16-19].

An example of a binary lipid mixture that exhibits
small-scale structure based on gel-fluid phase co-
existence is that of dimyristoyl-sn-phosphatidyl-
choline:distearoyl-sn-phosphatidylcholine (DMPC:
DSPC) vesicles [13,18,20-22]. Even though the phase
diagram indicates macroscopic phase separation in a
wide concentration and temperature range, several
studies including visualization by atomic force mi-
croscopy clearly show that the bilayer is highly het-
erogeneous in the coexistence region, both in acyl
chain order and composition [17,19,21,23,24]. In
multi-component systems, micro-heterogeneity is
provided by the coexistence of phases enriched in
predominantly one of the lipid components. Impor-
tant physical quantities that are of relevance for lipid
domain formation in lipid mixtures include, e.g., lip-
id diffusion lifetimes, lipid bilayer curvature [25] as
well as the acyl chain difference between the unlike
lipids in the mixture [13,19,22]. In the present study
the thermodynamic phase behavior of lipid bilayer
systems containing an asymmetric lipid is character-
ized and related to the functional behavior of a lipid
membrane active enzyme, phospholipase A, (PLA»).

Stearoylmyristoyl-sn-phosphatidylcholine (SMPC)

lipids which have two chains of unequal length at-
tached to the glycerol backbone belong to the class
of asymmetric phospholipids. These are abundant
lipids in biological membranes [26-30]. Their mixing
properties with equal length acyl chain phospholipids
[31,32] and their special ability to form interdigitated
bilayer membranes have been systematically investi-
gated [33-35]. Interestingly, many asymmetric phos-
pholipids are fully miscible with symmetric phospho-
lipids in the entire concentration range [32]. In this
paper, it is studied how the phase behavior of the
lipid bilayer substrate in binary and ternary mixtures
containing SMPC is related to the activity of the
lipid bilayer associated PLA, enzyme. This is done
by the incorporation of small amounts of SMPC into
either dipalmitoyl-sn-phosphatidylcholine (DPPC) or
DMPC:DSPC vesicles. It is expected that SMPC will
position itself at the interfaces between the relatively
thin fluid disordered and the thicker gel ordered do-
mains of DPPC, or at the interfaces of gel-fluid
phase DMPC and DSPC mixtures. This is expected
to minimize the hydrophobic mismatch between the
acyl chains. It has been predicted that SMPC mix
ideally into both the gel and fluid phases of DPPC
lipid bilayers [27,32].

PLA; is a small water soluble and lipid bilayer
active enzyme that catalyzes the hydrolysis of phos-
pholipids into lysolipids and fatty acids [36]. Several
studies have clearly shown that PLA; is interfacially
activated, which means that the activity is enhanced
when the substrate is presented in an aggregated
form as compared to the activity towards monomeric
substrates [36,37]. Furthermore, the hydrolysis activ-
ity on vesicular substrates is significantly influenced
by the presence of lipid domains and defects in the
bilayer. These defects can be in the form of holes in
the bilayer as shown by AFM [38-40], or line defects
that are occurring when the bilayer undergoes den-
sity fluctuations near the main phase transition tem-
perature, Ty, [14,41,42]. In fact, most bilayer defects,
being either compositional or structural in origin,
increase the PLA, activity [43,44]. In general the
PLA; hydrolysis profile towards vesicular substrates
is characterized by a period of slow hydrolysis de-
scribed by a lag time which is highly dependent on
the lateral organization of the lipid bilayer substrate
[45,46]. A reaction burst at which the hydrolysis rate
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increases by several orders of magnitude follows the
lag time [45,47].

PLA, activity measurements can therefore be used
to probe lipid bilayer micro-heterogeneity, and in the
present study we shall take advantage of this prop-
erty by varying the lipid bilayer composition system-
atically and measuring the PLA; lag time at temper-
atures were the mixed lipid bilayer substrates are
known to display gel-fluid phase separation. In the
case of DPPC, the lateral heterogeneity is dynamic in
origin, while in the case of the DMPC:DSPC mix-
ture the substrate is expected to exhibit phase sepa-
ration in terms of static lipid bilayer heterogeneity.
Particular attention is paid to the influence of small
amounts of SMPC on the PLA, activity. SMPC is
expected to act as an in-plane surfactant as described
above. Differential scanning calorimetry (DSC) is ap-
plied to determine an apparent phase diagram and
the PLA, lag time determined by fluorescence spec-
troscopy is related to the phase diagram. The degree
of hydrolysis of the individual lipid components in
the lipid bilayer substrates is determined by high per-
formance liquid chromatography (HPLC).

2. Materials and methods
2.1. Materials

The phospholipids DMPC, DPPC, DSPC, and
SMPC were purchased from Avanti Polar Lipids
(Birmingham, AL, USA) and used without further
purification. PLA, (Agkistrodon piscivorus piscivorus)
was a gift from Prof. R.L. Biltonen, University of
Virginia.

2.2. Preparation of large unilamellar vesicles (LUVs)

Weighed amounts of phospholipids were mixed in
chloroform/methanol 1:1 (v/v). The organic solvent
was evaporated under a weak stream of nitrogen and
kept under vacuum over night. Multilamellar vesicles
(MLVs) were formed by adding a buffer consisting of
150 mM KCI, 1 mM NaNj, 30 uM CaCl,, 10 uM
EDTA, and 10 mM HEPES (pH 8) to the dried
lipids. Hydration of the MLV lipid mixtures was
performed at 55°C for at least 30 min. LUVs with
a diameter of 100 nm were formed by extrusion ten

times through two stacked 100 nm size polycarbon-
ate filters [48].

2.3. DSC

DSC was performed using a MicroCal MC-2
(Northampton, MA, USA) on samples of 10 mM
MLV or 10 mM LUYV suspensions at a scan rate of
10°C/h. An appropriate baseline was extracted from
the resulting thermograms. The thermograms were
not corrected for the fast response time of the calo-
rimeter.

2.4. PLA; lag time measurements

The PLA; hydrolysis of the LUV membranes was
studied using a SLM DMX-1100 spectrofluorometer.
Upon excitation at 285 nm the intrinsic emission at
340 nm from tryptophan residues in PLA; was moni-
tored [47]. All measurements were carried out using a
total lipid concentration of 150 uM and a PLA;
concentration of 150 nM. The lag time was deter-
mined as the time elapsed between PLA, addition
and a sudden increase in the fluorescence, which
marks the onset of the reaction burst (see Fig. 3) [47].

2.5. HPLC quantification

HPLC quantification of the hydrolysis reaction
was made using a Waters Millennium 2010 system
(Milford, MA, USA) equipped with a Waters 510
pump, a Waters 717 Plus autosampler, and a PL-
EMD 950 evaporative light scattering mass detector
from Polymer Laboratories (Cheshire, UK) using a
5 wm Phenomenex (Torrance, CA, USA) diol spherical
column and a mixture of chloroform/methanol/water
(73:23:3, v/v) as isocratic mobile phase. 100 ul lipid
suspension samples were retrieved directly from the
reaction chamber in the fluorometer several times
during the PLA, lipid hydrolysis time course. The
extracted samples were rapidly mixed in chloro-
form/methanol/acetic acid/water (2:4:1:1) in order
to quench the PLA; lipid hydrolysis effectively. After
quenching the PLA, activity it was confirmed that
the composition of the sample did not change by
storage. Salts were extracted from the sample by
shaking thoroughly with 1 ml water. From the or-
ganic phase 20 ul was analyzed by HPLC. The de-
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gree of hydrolysis was measured by the reduction in
the substrate fraction. Dose/response calibration
curves were linear in the used concentration range.

3. Results

The heat capacity, C,, as a function of tempera-
ture for LUVs composed of DPPC and SMPC lipids
in a broad composition range is shown in Fig. 1. The
heat capacity curves obtained by DSC are obtained
at a scan rate of 10°C/h. The five heat capacity
curves all exhibit a pronounced maximum just above
40°C where pure DPPC vesicles are known to under-
go a highly cooperative phase transition from a gel
to a fluid state [6,9]. In the low concentration regime
of SMPC contents (up to 5 mol%) a narrow peak can
be seen on the high temperature side of the heat
capacity peak. This peak is probably due to trace
impurities of multilamellar structures in the lipid sus-
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Fig. 1. Heat capacity curves obtained by DSC at a scan rate of
10°C/h of large unilamellar vesicles composed of DPPC and
SMPC. The second up-scan of 10 mM lipid vesicles is shown.
(Insert) Partial phase diagram for the DPPC:SMPC mixture as
determined from the heat capacity curves. The solidus and
liquidus lines are obtained by the onset and termination points
of the peaks in the DSC thermograms.

Table 1

The transition enthalpy, AH, the transition temperature, Ty,
and the width of the transition, 7'/, of multilamellar vesicles
composed of DPPC and SMPC lipids

Composition AH T T\
(mol:mol) (kcal/mol) ) (°O)
100:0 10.6 41.6 0.09
99:1 9.3 41.7 0.16
98:2 7.9 41.5 0.27
97:3 8.7 41.4 0.27
96:4 8.3 41.3 0.41
95:5 9.3 41.2 0.52
90:10 9.0 40.4 0.95
80:20 9.0 39.7 1.17
70:30 7.2 38.4 1.25
50:50 8.2 36.0 1.44
0:100 6.9 322 1.06

The data were obtained by DSC at a scan rate of 10°C/h.

pension [5]. As the concentration of SMPC increases,
the heat capacity maximum is shifted towards lower
temperatures, and the peak is broadened consider-
ably. For small amounts of SMPC the heat capacity
curves for mixed LUVs composed of DPPC and
SMPC lipids show a weak sign of a pretransition.
The effect of SMPC on the thermotropic behavior
of LUVs primarily consisting of DPPC can further-
more be seen in the insert of Fig. 1. In this figure the
onset and termination points of the transition peaks
are plotted as a function of the concentration of
SMPC in order to establish a partial phase diagram
of the DPPC:SMPC mixture. It is readily seen from
the insert of Fig. 1 that with increasing content of
SMPC the phase transition temperature decreases

Table 2

The transition enthalpy, AH, the transition temperature, Ty,
and the width of the transition, Tj,, of large unilamellar
vesicles composed of DPPC and SMPC lipids

Composition AH Tm T\
(mol:mol) (kcal/mol) (°O) °O)
100:0 8.0 41.9 1.04
99:1 8.1 41.5 1.23
98:2 8.6 41.6 1.28
97:3 7.1 41.5 1.32
95:5 6.1 41.3 1.42
90:10 7.4 40.8 1.89
80:20 7.6 39.2 2.52

The data were obtained by DSC at a scan rate of 10°C/h.
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and the phase transition region is broadened. The
values of the enthalpy of the main phase transition
determined for the different compositions of MLVs
and LUVs are shown in Table 1 and Table 2, respec-
tively. It is seen that the transition temperature de-
creases monotonically with the mole fraction of
SMPC, and that the phase transition region is nar-
row. Thus, the data in Tables 1 and 2 imply that
SMPC mixes ideally into DPPC vesicles, in accor-
dance with earlier work by Bultmann and coworkers
[32]. Lipids with a larger chain length difference are
predicted to form interdigitated bilayers both by
themselves and in lipid bilayer mixtures [27,32].

Fig. 2 shows the heat capacity, Cp, as a function of
temperature for mixed unilamellar vesicles for three
different compositions of DSPC:DMPC:SMPC. All
of the mixtures are characterized by a broad gel-fluid
coexistence region reflected by two broad peaks in
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Fig. 2. Heat capacity curves obtained by DSC at a scan rate of
10°C/h of large unilamellar vesicles composed of DMPC,
DSPC, and SMPC. The second up-scan of 10 mM lipid vesicles
is shown. (Insert) Partial phase diagram for the
DMPC:DSPC:SMPC mixture as determined from the heat ca-
pacity curves. The definition of the SMPC lipid concentration
is [SMPCJ/([IDMPC]+[DSPC]), where [DMPC]=[DSPC]. The
solidus and liquidus lines are obtained by the onset and termi-
nation points of the peaks in the DSC thermograms.

Table 3

The transition enthalpy, AH, of MLVs and LUVs composed of
DMPC, DSPC, and SMPC lipids obtained by DSC at a scan
rate of 10°C/h

Composition MLV AH LUV AH
(mol:mol) (kcal/mol) (kcal/mol)
50:50:0 9.1 5.6
50:50:5 8.8 5.8
50:50:50 7.7 6.3

the C, curves. Interestingly, the inclusion of SMPC
into the equimolar DSPC:DMPC mixed bilayer
vesicles decreases the width of the transition peak
slightly. It is noticeable that a broad gel-fluid phase
coexistence region is still present when a third com-
ponent, SMPC, is added to the DMPC:DSPC vesicle
system. The minor shoulders of the heat capacity
traces that consistently were found between the onset
and termination points of the transition peaks re-
quire further investigation, for example by spectro-
scopic techniques, in order to determine the structur-
al significance of the peaks in the phase coexistence
region. This is outside the scope of the present study
which primarily focuses on the relationship between
the thermodynamic properties in terms of phase co-
existence in the phase transition region and the re-
lated PLA, activity. The transition enthalpies, AH,
detected by DSC for the MLVs or LUVs of different
DSPC:DMPC:SMPC lipid compositions are listed in
Table 3.

In order to relate the thermodynamic measure-
ments by DSC and the established phase diagrams
of the mixed lipid bilayers to PLA, activity, the du-
ration of the lag phase has been determined as a
function of temperature using intrinsic PLA; trypto-
phan fluorescence and HPLC quantification. A rep-
resentative experiment obtained at 40°C using
DMPC:DSPC 50:50 as a lipid substrate is shown
in Fig. 3. The apparent phase diagram shown in
the insert of Fig. 2 indicates that this lipid substrate
exhibits gel-fluid phase separation. The enzyme was
added to the reaction chamber (#=1200 s) and the
fluorescence emission from the tryptophan residues
in PLA, causes a fluorescence increase (Fig. 3A).
After a certain period, t=1700 s, a sudden increase
in the tryptophan fluorescence marks the termination
of the lag phase and the onset of the reaction burst
[12]. This experimental procedure has been repeated
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for each temperature and lipid composition. Temper-
ature equilibration is insured by keeping the lipid
suspension at the required temperature at least 30
min prior to adding the PLA,. Samples for HPLC
analysis were retrieved directly from the reaction
chamber immediately before PLA, addition and sev-
eral times during the experiment. From the HPLC
chromatograms, the area of each lipid fraction peak
has been determined and the degree of hydrolysis is
calculated from the area difference between the peaks
before addition of PLA, and at different times after
the addition. In Fig. 3B is shown the time dependent
degree of hydrolysis in the cases of DSPC and
DMPC. It is clearly seen how a rapid increase in
the degree of hydrolysis of both lipids coincides in
time with the fluorescence increase seen in Fig. 3A.
Furthermore, it is evident that DMPC is hydrolyzed
to a higher degree than DSPC during the entire time
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Fig. 3. The characteristic hydrolysis reaction time course at
40°C for PLA; acting on DMPC:DSPC mixed large unilamel-
lar vesicles. (A) The PLA, hydrolysis reaction is monitored by
intrinsic tryptophan fluorescence emitted at 340 nm upon exci-
tation at 285 nm. After adding PLA, at time 1200 s to the lipid
vesicle suspension, a characteristic lag time, 7=3500 s, follows
before a sudden increase in fluorescence signals the burst char-
acterized by rapid lipid hydrolysis by PLA;. (B) The time de-
pendent degree of hydrolysis is quantified by HPLC analysis of
samples retrieved directly from the reaction chamber.
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Fig. 4. Lag time, 7, as a function of temperature for the PLA,
catalyzed hydrolysis of DPPC:SMPC mixed large unilamellar
vesicles (100:0, 98:2, 95:5, 90:10, and 80:20). The concentra-
tion of PLA; is 150 nM and the total lipid concentration of the
vesicles is 150 uM.

course. This interesting and selective PLA; lipid hy-
drolysis will be discussed in detail later.

Fig. 4 shows the resulting lag times as a function
of temperature for five different compositions of
DPPC and SMPC. Each of the lag time curves ex-
hibits a pronounced minimum. This minimum is
found at lower temperatures as the concentration
of SMPC is increased. Furthermore, the lag time
generally increases with SMPC content. It was con-
firmed by HPLC (data not shown) that both DPPC
and SMPC act as substrates for the PLA, catalyzed
hydrolysis. This shows that the overall concentration
of lipids which can be hydrolyzed does not change
with the SMPC content. Hence, the general increase
in the lag time that is observed over a broad temper-
ature range is closely related to the lipid bilayer
properties and not related to dilution effects.

The lag time data are plotted in Fig. 5 as a func-
tion of temperature for three compositions of the
mixed DMPC:DSPC:SMPC vesicles. The lag time
measurements were performed in a temperature
range where the DMPC:DSPC phase diagram indi-
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Fig. 5. Lag time, 7, as a function of temperature for the PLA,
catalyzed hydrolysis of DMPC:DSPC:SMPC mixed large unila-
mellar vesicles (50:50:0, 50:50:5, and 50:50:50). The concentra-
tion of PLA, was 150 nM and the total lipid concentration of
the vesicles was 150 uM.

cates a two-phase coexistence region. Both in the
case of the 50:50:0 and the 50:50:5 mixture, two
broad minima can be resolved. From Fig. 5 we
find that the PLA; activity is highly non-trivial with-
in this two-phase region and presumably is very sen-
sitive to the small-scale structure, i.e. gel and fluid
domains, exhibited by the mixed lipid bilayer
vesicles. It is furthermore noticeable that the two
minima are located at temperatures corresponding
to the phase lines of the apparent phase diagram,
i.e. the upper liquidus and the lower solidus lines
shown in the insert of Fig. 2. In the case of the
50:50:50 mixture, only one minimum is resolved
which is narrower than in the case of the 50:50:0
and the 50:50:5 mixtures. In accordance with the
lag time results for the DPPC:SMPC mixtures de-
scribed above, SMPC causes an increase in the lag
time in the entire temperature range.

Fig. 6 shows the degree of hydrolysis 1000 s after
the detected burst of as a function of temperature for
the three lipid mixtures that have been investigated.
In the case of the binary DMPC:DSPC mixture that

is seen in Fig. 6A, primarily DMPC is hydrolyzed in
the entire temperature range. This effect is most pro-
nounced at low temperatures, where the amount of
DMPC hydrolyzed is up to 4-fold larger than the
amount of hydrolyzed DSPC. The degree of DSPC
hydrolysis has a maximum at approx. 45°C, while
the maximum DMPC hydrolysis is at 32°C. These
temperatures can be directly related to the solidus
and liquidus lines of the phase diagram of the mix-
tures. As SMPC is included in the mixture, the differ-
ence in degree of hydrolysis of DMPC and DSPC is
diminished. However, for all three mixtures DMPC
is still hydrolyzed to the highest extent, although the
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Fig. 6. The degree of PLA, catalyzed lipid hydrolysis of
DMPC:DSPC:SMPC mixtures as a function of temperature.
The degree of hydrolysis of DSPC (00) and DMPC () was de-
termined on the basis of HPLC chromatograms (see Fig. 3).
(A) 50:50:0; (B) 50:50:5; (C) 50:50:50.



140 P. Hoyrup et al.| Biochimica et Biophysica Acta 1515 (2001) 133-143

selective hydrolysis of DMPC lipids becomes less
pronounced when SMPC is present as revealed by
Fig. 6B,C. In the case of the 50:50:50 mixture,
DMPC is only hydrolyzed to a slightly higher degree
than DSPC.

4. Discussion

The activity of PLA; on DPPC:SMPC and
DMPC:DSPC:SMPC lipid bilayer mixtures has
been determined using HPLC and fluorescence tech-
niques. The degree of lipid hydrolysis and the time
required before the fast PLA, hydrolysis takes place
(the lag time) were compared to the phase behavior
of the lipid substrates as determined by DSC. The
vesicular systems have been chosen in order to ex-
plore the PLA, activity under experimental condi-
tions where the lipid substrates exhibit either dynam-
ic micro-heterogeneity due to density fluctuations in
the vicinity of the gel-fluid phase transition or static
gel-fluid lipid domain formation caused by phase
separation in the gel-fluid phase coexistence region.
Furthermore, we have investigated the effect of in-
corporating the asymmetric SMPC lipid that presum-
ably modulates the in-plane interfaces between gel
and fluid lipid domains.

The obtained results clearly show that the temper-
ature dependent PLA, activity towards one-compo-
nent DPPC vesicles (see Fig. 4) exhibits a minimum
at the phase transition temperature. This lag time
minimum has generally been related to the formation
of a small-scale structure caused by dynamic gel-flu-
id domain formation close to the phase transition
temperature of the lipid bilayer substrate [14,41,42].
The change in the thermotropic properties of DPPC
bilayers upon addition of the asymmetric phospho-
lipid SMPC has been investigated using DSC (see
Fig. 1). Clearly, the inclusion of SMPC lipids into
DPPC bilayers decreases the main phase transition
temperature indicating that SMPC has a slight pref-
erence for the fluid bilayer state. This is reflected as a
SMPC concentration dependent depression of the
transition temperature, 7T,, as detected by the peak
in the heat capacity. Noteworthy, the transition en-
thalpy decreases only slightly as a function of the
SMPC content and the phase transition temperature
range becomes more narrow, suggesting that the

transition enthalpy is dominated by the contribution
from the chain melting process of both DPPC and
SMPC. It should be emphasized that the DSC mea-
surements only provide information about the ther-
motropic behavior of a vesicle suspension in terms of
the second derivative of the free energy, the heat
capacity, C,, from which an apparent phase diagram
can be constructed. A true phase diagram can only
be obtained on basis of the free energy itself as a
function of temperature and composition which in
general is unaccessible from experimental measure-
ments. The heat capacity curves of Fig. 1, however,
give a clear indication of phase changes in the bilayer
vesicles, and furthermore, as earlier predicted [27,32],
the results suggest that SMPC lipids mix ideally with
DPPC lipids.

Modulating PLA; activity by inclusion of a second
component into pure DPPC bilayers has been inten-
sively investigated in several studies. For example,
the addition of small amounts of cholate [49] into
DPPC lipid bilayers results in an increase in the
PLA, lag time in a broad temperature range. The
lag time decreasing effect induced by the second com-
ponent is generally explained by an increase in the
lipid bilayer heterogeneity reflected by a broadening
of the gel-fluid phase transition. In the present study,
the lag time was determined in a broad range of
temperatures for mixtures of DPPC and SMPC (see
Fig. 4). A striking relationship was found between
the thermotropic data in terms of transition temper-
ature and heat capacity peak width on the one side,
and the PLA; hydrolysis lag time on the other side
(see Figs. 1 and 4). In particular, we find that the
minimum in the lag time coincides with the maxi-
mum in the heat capacity for all DPPC:SMPC com-
positions investigated. However, when SMPC is in-
cluded into the DPPC bilayer, the heat capacity peak
broadens and the lag time increases as a function of
the concentration of the asymmetric lipid (see Fig. 4).
This is an unexpected effect of SMPC on the PLA,
activity. It could be expected that the inclusion of
SMPC decreases the interfacial tension between gel
and fluid state domains. This would lead to an en-
hanced lipid domain formation and PLA, mediated
hydrolysis activity on substrates exhibiting enhanced
micro-heterogeneity [14,41,42]. Although the inclu-
sion of SMPC into DPPC bilayer vesicles causes
the main phase transition to broaden and increase
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the temperature range over which the bilayer exhibits
dynamic gel-fluid micro-heterogeneity, this is not re-
flected in an increased PLA, activity. Attempts have
been made to visualize the enhanced PLA, activity
on lipid structures that exhibit lateral heterogeneity
in the vicinity of the gel-fluid phase transition. Fluo-
rescence studies of monolayers are successful for this
purpose, because the lipid lateral dynamics are
slowed down and a pronounced preference of
PLA, towards interfacial lateral domain structures
has been found [50,51].

The interplay between PLA, activity and the for-
mation of interfaces has been investigated further by
studying a lipid bilayer mixture composed of DMPC
and DSPC exhibiting gel-fluid phase coexistence.
The thermotropic behavior of this mixture is shown
in Fig. 2 and the corresponding PLA; lag times are
shown in Fig. 5. For the DMPC:DSPC mixed bi-
layer, a double minimum in the PLA, lag time can
be resolved, and the increased PLA, activity is con-
fined to the temperature range between the phase
lines in the phase diagram of DMPC:DSPC shown
in the insert of Fig. 2. Previously, Goormaghtigh and
coworkers found a similar increase in PLA; activity
at the liquidus and solidus lines of the phase diagram
of multilamellar vesicles composed of DMPC and
DSPC [52].

A systematic quantification of the hydrolysis activ-
ity of PLA, on the separate lipid species in the mix-
tures is presented in Fig. 6, showing that a clear
selective hydrolysis of the short chain lipid DMPC
takes place. As seen in Fig. 3, this discriminative
effect is observed both before and immediately after
the reaction burst, suggesting that the preferential
hydrolysis of DMPC also takes place before the
breakdown of the bilayer structure that is known
to accompany the reaction burst [47]. Atomic force
microscopy studies have shown that PLA, preferen-
tially hydrolyzes DMPC in a DMPC:DSPC mixture
in the coexistence region [40]. Furthermore, PLA,
hydrolysis of pure DMPC bilayer substrates gener-
ally proceeds with a shorter lag time than in the case
of pure DPPC or pure DSPC bilayer substrates [14].
In all three lipid mixtures investigated in this study,
DMPC is hydrolyzed to a higher degree than DSPC.
The preference for DMPC is most pronounced in the
low temperature range. Furthermore, a maximum in
the degree of DMPC hydrolysis is seen near the sol-

idus phase line of the phase diagram (see Fig. 6A).
At this temperature, domains are formed primarily
by fluid state DMPC within a gel state DSPC matrix.
As the temperature is raised closer to the liquidus
line, the preference for DMPC is markedly de-
creased, and the degree of specific DSPC hydrolysis
has a maximum at 45°C. At this temperature, do-
mains of gel state DSPC are located within a fluid
DMPC matrix [23]. The increased degree of hydro-
lysis of DMPC and DSPC near the solidus and
liquidus lines of the phase diagram correlates well
with the lag time double minimum shown in Fig. 5.
However, although the lag time decreases, and the
degree of hydrolysis increases at temperatures near
the phase boundaries of the phase diagram, PLA,
prefers a fluid state substrate for a gel state substrate.
How these results relate to the fact that DSPC has
longer acyl chains than DMPC, or it is the disor-
dered fluid character of the acyl chain, is not known
at present and requires further investigation. To
demonstrate whether it is the fluid state or the short-
er acyl chain length that governs the degree of hy-
drolysis, it may prove useful to perform similar ex-
periments on phospholipids with unsaturated acyl
chains of a length that is equal to that of the satu-
rated lipid studied.

The intimate relationship between PLA, activity
and the phase state of the lipid bilayer substrate calls
for an interpretation based on the structural proper-
ties of the mixed DMPC:DSPC lipid bilayer. The
elevated PLA; activity on DMPC:DSPC mixtures
in the coexistence region certainly implies that a large
number of defects exist — possibly as small-scale
structures enriched in either gel or fluid phase lipids.
This is in agreement with the observations by Leidy
and coworkers [21] who found an elevated level of
interfaces in the coexistence region probed by fluo-
rescence techniques. Furthermore, studies by Schram
and coworkers [23] using fluorescence photobleach-
ing provided experimental evidence of a percolation
threshold inside the phase coexistence region of the
DMPC:DSPC binary mixture, showing that com-
partments of fluid and gel domains coexist. Gel
and fluid structures of different sizes were later visu-
alized by Bagatolli and Gratton [22] who by means
of confocal fluorescence microscopy showed ex-
tended domain structures in DMPC:DSPC giant
unilamellar vesicles within the gel-fluid coexistence
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region. The authors found that the degree of non-
ideality in a binary lipid mixture determines the
shape and size of the gel-fluid domains [22]. The
small-scale structure and in particular the lifetimes
and sizes of the lipid domains that can exist in the
coexistence region are highly influenced by the inter-
facial tension arising from the hydrophobic mis-
match between the acyl chains. In lipid mixtures gov-
erned by a low interfacial tension between gel and
fluid domains, the non-equilibrium behavior can lead
to the formation of long-lived small-scale structure.
In equilibrium, the free energy minimum in a phase
coexistence region of a binary lipid mixture gives rise
to macroscopic phase separation [24,53] defined by a
low amount of interface between a fluid phase and a
gel phase. However, it is likely that macroscopic
phase separation in a lipid bilayer mixture can only
be reached after long equilibration times, much lon-
ger than the relevant time scales used in the exper-
imental measurements [19,53]. Certainly, we cannot
interpret the results found in Fig. 5 in terms of PLA,
action on two macroscopically separated phases. On
the contrary, the short lag time in the phase coexis-
tence region indicates extensive small-scale structures
in the binary mixtures.

The probing of bilayer lateral structure by PLA,
has been extended to including SMPC into the
DMPC:DSPC mixtures. From the results in Fig. 5
it is seen that the PLA, activity decreases with the
content of SMPC in the DMPC:DSPC mixture sim-
ilarly to the results obtained with DPPC lipid bi-
layers shown in Fig. 4. This might suggest similar
influences of SMPC on the structure of the one-com-
ponent DPPC bilayer exhibiting dynamic density
fluctuations, and the multi-component DMPC:
DSPC bilayer exhibiting static phase separation. It
is seen that the hydrolysis activity of PLA; is modu-
lated and lowered by inclusion of the asymmetric
lipid SMPC into both one-component (DPPC) or
multi-component (DMPC:DSPC) lipid bilayer, sug-
gesting a similar effect of SMPC on the one-compo-
nent and two-component vesicles. Theoretical model
calculations for binary lipid mixtures have shown
that two-dimensional wetting of the lateral domains
leads to a slowing down of the interfacial dynamics
and an increase in the lifetime of the domain struc-
ture, most likely due to a lowered interfacial tension
[13]. The results obtained in this study imply that

SMPC is capable of lowering the interfacial tension
between gel and fluid domains in both one- and two-
component lipid systems, thereby slowing down the
interfacial dynamics. It is conceivable that SMPC
lipids wetting the gel-fluid interfaces would lead to
an increase in PLA; hydrolysis lag time in both one-
and multi-component systems.

In conclusion, the obtained results show that the
duration of the PLA, lag time on one-component
DPPC vesicles and multi-component DMPC:DSPC
vesicles is intimately related to the phase structure of
the lipid bilayer substrate. This is manifested in
PLA; lag time minima within the phase coexistence
region and near the phase line of both one- and
multi-component lipid bilayer systems. Furthermore,
the degree of hydrolysis detected by HPLC reveals
an elevated lipid hydrolysis at the phase lines of the
DMPC:DSPC:SMPC lipid mixtures. Inclusion of
SMPC into the lipid mixtures leads to an increase
in the lag time for all the lipid bilayer mixtures in-
vestigated, suggesting that SMPC changes the nature
of the gel-fluid interfaces and hence the lability of
interfacially positioned lipids towards PLA, cata-
lyzed hydrolysis.

Acknowledgements

This work was supported by the Hasselblad Foun-
dation, by the Danish Natural Science, Technical
and Medical Research Councils, and by the Centre
for Drug Design and Transport (cd,t). Jette Klausen
is thanked for her assistance with the HPLC experi-
ments.

References

[1] E. Sackmann, in: R. Lipowsky, E. Sackmann (Eds.), Hand-
book of Biological Physics, Vol. 1A, Structure and Dynam-
ics of Membranes. From Cells to Vesicles, Elsevier, Amster-
dam, 1995, pp. 1-64.

[2] A. Baszkin, W. Norde (Eds.), Physical Chemistry of Biolog-
ical Interfaces, Marcel Dekker, New York, 2000.

[3] P.K. Kinnunen, Chem. Phys. Lipids 57 (1991) 375-399.

[4] D. Marsh, Chem. Phys. Lipids 57 (1991) 109-120.

[5] O.G. Mouritsen, R.L. Biltonen, in: A. Watts (Ed.), Protein-
Lipid Interactions, Elsevier Science Publishers, Amsterdam,
1993, Ch. 1, pp. 1-39.



P. Hoyrup et al.| Biochimica et Biophysica Acta 1515 (2001) 133-143 143

[6] A.G. Lee, Biochim. Biophys. Acta 472 (1977) 237-281.

[7] O.G. Mouritsen, K. Jorgensen, Curr. Opin. Struct. Biol. 7
(1997) 518-527.

[8] J.H. Ipsen, K. Jorgensen, O.G. Mouritsen, Biophys. J. 58
(1990) 1099-1107.

[9] K. Jorgensen, O.G. Mouritsen, Thermochim. Acta 328
(1999) 81-89.

[10] S. Pedersen, K. Jorgensen, T.R. Bekmark, O.G. Mouritsen,
Biophys. J. 71 (1996) 554-560.

[11] L.K. Nielsen, T. Bjernholm, O.G. Mouritsen, Nature 404
(2000) 352.

[12] W.R. Burack, R.L. Biltonen, Chem. Phys. Lipids 73 (1994)
209-222.

[13] K. Jorgensen, M.M. Sperotto, O.G. Mouritsen, J.H. Ipsen,
M.J. Zuckermann, Biochim. Biophys. Acta 1152 (1993) 135-
145.

[14] T. Henger, K. Jorgensen, R.L. Biltonen, O.G. Mouritsen,
Biochemistry 35 (1996) 9003-9006.

[15] O.G. Mouritsen, O.S. Andersen (Eds.), Biol. Skr. Vid. Selsk.,
Vol. 49, In Search of a New Biomembrane Model, Munks-
gaard, Copenhagen, 1998.

[16] J. Korlach, P. Schwille, W.W. Webb, G.W. Feigenson, Proc.
Natl. Acad. Sci. USA 96 (1999) 8461-8466.

[17] B. Piknova, D. Marsh, T.E. Thompson, Biophys. J. 71
(1996) 892-897.

[18] M.B. Sankaram, T.E. Thompson, Biochemistry 31 (1992)
8258-8268.

[19] K. Jorgensen, A. Klinger, M. Braiman, R.L. Biltonen,
J. Phys. Chem. 100 (1996) 2766-2769.

[20] J.H. Ipsen, O.G. Mouritsen, Biochim. Biophys. Acta 944
(1988) 121-134.

[21] C. Leidy, W.F. Wolkers, K. Jorgensen, O.G. Mourtisen,
J.H. Crowe, Biophys. J. 80 (2001) 1819-1828.

[22] L.A. Bagatolli, E. Gratton, Biophys. J. 79 (2000) 434-
447.

[23] V. Schram, H.N. Lin, T.E. Thompson, Biophys. J. 71 (1996)
1811-1822.

[24] K. Jorgensen, O.G. Mouritsen, Biophys. J. 95 (1995) 942—
954.

[25] T. Brumm, K. Jorgensen, O.G. Mouritsen, T.M. Bayerl,
Biophys. J. 70 (1996) 1373-1379.

[26] S.C. Chen, J.M. Sturtevant, Biochemistry 20 (1981) 713-718.

[27] R.B. Sisk, Z. Wang, H. Lin, C. Huang, Biophys. J. 58 (1990)
778-783.

[28] J. Shah, P.K. Sripada, G.G. Shipley, Biochemistry 29 (1990)
4254-4262.

[29] C. Huang, Z. Wang, H. Lin, E.E. Brumbaugh, Biochim.
Biophys. Acta 1145 (1993) 298-310.

[30] J. Shah, R.I. Duclos, G.G. Shipley, Biophys. J. 66 (1994)
1469-1478.

[31] J.T. Mason, Biochemistry 27 (1988) 4421-4429.

[32] T. Bultmann, H. Lin, Z. Wang, C. Huang, Biochemistry 30
(1991) 7194-7202.

[33] J. Mattai, P.K. Sripada, G.G. Shipley, Biochemistry 26
(1987) 3287-3297.

[34] H. Xu, C. Huang, Biochemistry 26 (1987) 1036-1043.

[35] H. Xu, F.A. Stephenson, C. Huang, Biochemistry 26 (1987)
5448-5453.

[36] M. Waite, in: D.E. Vance, J. Vance (Eds.), Biochemistry of
Lipids, Lipoproteins and Membranes, Elsevier Science Pub-
lishers, Amsterdam, 1991, Ch. 9, pp. 269-295.

[37] R. Verger, M.C.E. Mieras, G.H. de Haas, J. Biol. Chem. 248
(1973) 4023-4034.

[38] M. Grandbois, H. Clausen-Schaumann, H. Gaub, Biophys.
J. (1998) 2398-2404.

[39] LK. Nielsen, J. Risbo, T.H. Callisen, T. Bjernholm, Bio-
chim. Biophys. Acta 1420 (1999) 266-271.

[40] T. Kaasgaard, J.H. Ipsen, O.G. Mouritsen, K. Jorgensen,
J. Probe Microsc. (2001) in press.

[41] J.A. Op den Kamp, J. de Gier, L.L. van Deenen, Biochim.
Biophys. Acta 345 (1974) 253-256.

[42] C.R. Kensil, E.A. Dennis, J. Biol. Chem. 254 (1979) 5843-
5848.

[43] T. Honger, K. Jorgensen, D. Stokes, R.L. Biltonen, O.G.
Mouritsen, Methods Enzymol. 286 (1997) 168-190.

[44] K. Jorgensen, C. Vermehren, O.G. Mouritsen, Pharm. Res.
16 (1999) 1491-1493.

[45] R. Apitz-Castro, M.K. Jain, G.H. de Haas, Biochim. Bio-
phys. Acta 688 (1982) 349-356.

[46] M.J. Sheffield, B.L. Baaker, L.D., N.L. Owen, M.L. Baker,
J.D. Bell, Biochemistry 34 (1995) 7796-7806.

[47] J.D. Bell, R.L. Biltonen, Methods Enzymol. 197 (1991) 249-
258.

[48] M.J. Hope, M.B. Bally, G. Webb, P.R. Cullis, Biochim.
Biophys. Acta 812 (1985) 55-65.

[49] N. Gheriani-Gruszka, S. Almog, R.L. Biltonen, D. Lichten-
berg, J. Biol. Chem. 263 (1988) 11808-11813.

[50] A. Reichert, H. Ringsdorf, A. Agenknecht, Biochim. Bio-
phys. Acta 1106 (1992) 178-188.

[51] K.M. Maloney, M. Grandbois, D.W. Grainger, C. Salesse,
K.A. Lewis, M.F. Roberts, Biochim. Biophys. Acta 1235
(1995) 395-405.

[52] E. Goormaghtigh, M. Van Campenhoud, J.M. Ruysschaert,
Biochem. Biophys. Res. Commun. 101 (1981) 1410-1418.

[53] K. Jorgensen, A. Klinger, R.L. Biltonen, J. Phys. Chem. B
104 (2000) 11763-11773.



