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Abstract

The behavior of a fluid supported membrane during hydrolysis by phospholipase A, is for the first time visualized by time-resolved
fluorescence imaging. After a lag phase, hydrolysis proceeds from the boundary of existing holes and via nucleation of new holes. During
subsequent hydrolysis, the shape of the membrane boundary is determined both by hydrolysis and by shape relaxations due to the action of
line tension. This is manifested by the appearance of Rayleigh instabilities in membrane rims and by an effect analogous to domain
coarsening in phase transitions in which membrane holes decay when they are within a certain distance from larger and expanding holes.

© 2005 Elsevier B.V. All rights reserved.
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The degradation and modification of biomembranes by
the action of lipases are important but still incompletely
understood phenomena. Particular attention has been paid to
phospholipase A, (PLA,) catalyzing the hydrolysis of
phospholipids at the sn-2 ester bond to yield lysophospho-
lipids (lysoPC) and fatty acids (FA). PLA, is interfacially
activated [1] meaning that it has a higher activity towards
interfacially organized lipids (e.g., membranes or mono-
layers) than towards free lipids. Moreover, the detailed
molecular organization of the lipid interface as determined
by the thermodynamic state of the membrane as well as non-
equilibrium defect structures are critical factors influencing
PLA2 activity [2,3].

For example, fluorescence imaging has shown [4] that
the fluid part of membranes that exhibit solid—liquid
coexistence is hydrolyzed faster than the solid domains.
This study also indicated that on a free-standing and intact
vesicle, PLA, adsorbs uniformly over the area of the fluid
phase domains. Contrary to this, it is known from AFM
imaging that supported membranes in the solid state [5—7]
are hydrolyzed from the perimeter of existing holes and by
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nucleation of new holes in the membrane surface. Recent
AFM data [8] have shown that the hydrolysis of ripple
phase membranes has distinct features associated with the
corrugated morphology of these membranes.

Although detailed imaging of solid-phase membranes has
been achieved during hydrolysis, little is known about the
dynamic response of a fluid supported membrane during
hydrolysis. We expect this more biologically relevant system
to exhibit a fundamentally different dynamics because the
fluidity allows the membrane to respond dynamically to
morphological changes induced by the hydrolysis. In
particular, if membrane holes are formed during hydrolysis,
the line tension which acts as a contractive force along the
perimeter of holes should manifest itself in relaxations of the
hole shapes which is made possible due to the fluid nature of
the membrane. We have recently developed a procedure
based on spincoating [9] to prepare supported bilayers of
general composition. This procedure allows fluid supported
membranes to be prepared also at physiological salt
concentrations and we have for the first time visualized the
complete PLA, catalyzed hydrolysis of these substrates by
time-resolved fluorescence imaging.

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
was purchased from Avanti Polar Lipids and 1,1’-diocta-
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decyl-3,3,3’,3'-tetramethylindocarbocyanine perchlorate
(DilC,g) from Molecular Probes. Solvents (hexane, meth-
anol) were all HPLC grade quality and MilliQ water was
used throughout. Snake venom PLA, from Agkistrodon
piscivorus piscivorus was a gift from R. L. Biltonen,
University of Virginia. HEPES buffer (10 mM HEPES
(pH=8.0), 150 mM NacCl, 30 uM CaCl, and 10 pM EDTA)
was used for membrane hydration and for suspension of
PLA,. Freshly cleaved muscovite mica (Plano GmbH,
Germany) with a size of 8 x 8 mm? was used for all coating
experiments and the preparation of supported POPC
membranes by spincoating was done as described previ-
ously [9] with lipid containing 0.7% Dil-Cg. Briefly, the
spincoating method consists of placing a 20-pul droplet of
POPC in a hexane/methanol (97:3) solution onto the mica
support and immediately thereafter spinning the sample to
3000 rpm for 40 s while the solvent evaporates. A Chemat
Technology, KW-4A spincoater was used for the coating
process. After overnight storage under vacuum, the sample
was hydrated in HEPES buffer and annealed to 80 °C for 3 h
to yield a single and highly uniform supported membrane.
Excess lipid was removed by washing with buffer while at
80 °C and the success of the washing was monitored
continuously. Epi-fluorescence microscopy of the supported
membrane was performed with the sample placed in a
microscope chamber (Lab-tek Brand Products, Naperville
IL) on a Nikon TE2000 inverted microscope and using a
40x long working distance (ELWD) objective. Fluores-
cence excitation was done with a halogen lamp and using a
G-2A filtercube (Nikon). During hydrolysis, fluorescence

images were recorded at 10 s intervals with a high sensi-
tivity CCD camera (Sensicam em, PCO-imaging, Kelheim,
Germany).

The fluorescence images acquired during hydrolysis
show the distribution of Dil-C;g on the surface. This probe
is chemically different from a phospholipid and is not
hydrolyzed by the enzyme. Fig. 1A shows the appearance of
a region (211 x211 pum?) of the membrane initially
containing holes that cover 4% of the membrane surface.
We have deliberately included a minute fraction of pre-
existing holes to be able to compare the hydrolysis in these
regions with the response from uniform membrane regions.
These pre-formed holes are formed during the washing
procedure as described above and they are stable over time
until the addition of the enzyme. They are often non-circular
which indicates that the boundary is pinned to the support.
This is unlike holes formed by hydrolysis that can relax to
circular shapes. Except for the localized holes, the initial
membrane is completely uniform and the probe is uniformly
distributed. Separate AFM studies on spincoated supported
POPC membranes [9] have confirmed that the substrates are
uniform and without holes also on the nanometer scale. The
time sequence in Fig. 1A—H shows the hydrolysis of the
membrane after the chamber is flushed with PLA, (200 nM)
at time =0 s. It is well known that hydrolysis of bilayers by
PLA, to varying degree exhibits a lag-burst phenomenon by
which hydrolysis changes from an initially low to high
activity [1,2,6]. We observe a lag-phase of 1500—1800 s
after which hydrolysis proceeds as visualized by the
generation of dark regions that are depleted in probe. The

Fig. 1. Time resolved fluorescence imaging of a fluid supported POPC membrane at progressive stages of hydrolysis by phospholipase A, (200 nM, added at
t=0). Images of a fixed area were recorded in 10-s intervals and only representative images are shown. Initially, the membrane displays uniform fluorescence
except for the holes in the lower left corner of image field. After a lag phase, a burst in hydrolysis occurs, both from the existing holes and by nucleation of
small holes over the entire membrane area. Regions I and II (D, E) and the inserts in (F) are further explained in the text.
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reaction products are to some extent soluble in the buffer [6],
but it is also known from recent and similar experiments on
SiO, [10] that a substantial fraction of the bilayer material
can remain on the support after hydrolysis. This is in line
with our observation that a fraction of the probe remains on
the surface after the reaction. Another fraction of the probe
goes to the unreacted part of the bilayer and gives rise to an
increase in fluorescence intensity near the perimeter of the
unreacted membrane (most clearly in Fig. 1B).

Overall, the onset of membrane hydrolysis occurs by two
distinct mechanisms: one is the rapid expansion of holes
from the perimeter of the existing holes after the lag phase.
Another mechanism is a rather uniform nucleation of many
small holes over the entire membrane area. The two
mechanisms are, however, not independent: nucleation of
the small holes occurs first and is initiated from the
perimeter of the existing holes, whereafter small holes are
formed gradually over the entire membrane area in a period
of 2—3 min. Following this process, rapid hydrolysis takes
place from the perimeter of the preformed holes and at a
lower rate at the nucleated holes.

The membrane morphology during the subsequent
hydrolysis (Fig. 1B—H) is set as an intricate inter-play
between hydrolysis from the available perimeter and
relaxations in hole shapes from minimization of line tension
energy. The fluidity of the membrane allows line tension to
have a dynamic effect on membrane morphology which
therefore exhibits a dynamic behavior which is very
different from what is observed in solid membranes. Line
tension seeks to minimize the total perimeter for a given
membrane area and there are many ways this can be
observed: For example, non-circular holes become circular
and that small holes disappear while larger holes grow. The
basic mechanism behind this last phenomenon is that when
a number of small holes area transformed into a larger hole
with the same area, the overall hole perimeter decreases and
the process is therefore energetically favorable. Another
specific observation demonstrating both the fluidity and the
action of line tension is the appearance of Rayleigh
instabilities [11] in membrane rims. Fig. 1F (inserts) shows
a thin rim of membrane formed by hydrolysis and decaying
into droplets between to consecutive frames. The decay is
energetically favored when at a certain area, the perimeter of
a series of droplets is comparable to the perimeter of the rim.
As another illustration of these effects consider the
evolution of the encased regions denoted I and II in Fig.
1D and E. Between these two frames (A¢=150 s), the small
holes within region I are closed while the larger hole in
region II is expanded. Contributing to the expansion of the
larger hole is both the hydrolysis of membrane from the
perimeter of the hole and merging of smaller neighboring
holes with the large hole. The disappearance of small holes
appears to be closely related to their proximity to larger
holes that are expanding.

This observation is more evident if we analyze the image
sequence in terms of the intensity difference between image

frames. Fig. 2 shows images that are generated by
subtracting the pixel intensity between two images spaced
at 30-s intervals. In this representation, areas in which the
pixel intensity has decreased are dark, whereas regions of
increasing pixel intensity are bright. The uniform gray
background level represents an intensity difference close to
zero. Shortly after the onset of hydrolysis, Fig. 2A shows
the rapid expansion of the largest hole and the simultaneous
closing of small holes within a critical distance of 6 ~5 pm
from the perimeter of the larger hole. Note that the situation
in Fig. 2A is quasi-stationary, meaning that the distance o
and the rate of expansion of the large hole are constant over
a period of 400 s. At a more progressed stage of hydrolysis,
Fig. 2B shows how larger holes (highlighted) are shrinking
only in those regions that are within a critical distance of
~10 pm from the perimeter of the membrane patch. One
possible interpretation of these observations is that enzymes
are recruited to the perimeter of the larger holes and at the
same time depleted from the perimeter of the smaller holes.
This may occur by diffusive lateral transport in the

Difference image {2050 s, 2020s)

100 nm/s

Difference image (3010 s, 2980 s)

Fig. 2. Difference-images generated by subtraction of the image at shorter
time from an image taken at a later time (time values indicated). The gray
background level represents a pixel difference close to zero. Dark regions
represent a negative difference corresponding to loss of fluorescent area
while bright areas represent an increase in area. Examples are shown for
times shortly after the lag phase (A) and for intermediate times (B).
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Fig. 3. Typical time evolution of the hole diameter Sy before collapse
(increasing time corresponds to decreasing 7). Initially, the hole increases
due to hydrolysis and fusion with other holes. Later, the hole decay is
described by a power law with an average exponent o =0.27+0.14.

membrane plane from the smaller to the larger holes, but it
may also be combined with an exchange of enzymes in the
aqueous phase. Since we cannot separate these two
mechanisms, it is not feasible to derive a quantitative
measure for the enzyme transport based on the fluorescence
images alone.

The dynamics described above is suggestive of a
mechanism for hole formation and closure analogous to
Ostwald ripening observed in crystal growth. In crystal
growth, Ostwald-ripening [12,13] describes the common
observation that, after nucleation of crystallites, large
crystals are growing at the expense of smaller ones because
the system seeks to minimize of the overall interface-free
energy. Under certain conditions, the decay of aggregates is
described by a power law in which the size S, o< (ty—1)*
and ¢ is the decay time of the aggregate. The exponent « is
1/3 when the coarsening dynamics is diffusion limited and
1/2 in case of an interface limited dynamics [14,15].
Domain coarsening has been observed in coexisting liquid
phases of phospholipid/cholesterol monolayer films [16]
which is a fluid 2-dimensional system similar to the present.
This system was shown to exhibit a coarsening dynamics
with an exponent of #=0.28+0.01 close to the diffusion-
limited theoretical prediction. The present observations
regarding decay of membrane holes have some striking
similarities with domain coarsening in 2-dimensional
systems. However, the coarsening of hole sizes is now
superimposed on the hydrolysis kinetics occurring at the
hole boundaries which makes the total dynamics of hole
shapes highly complex.

To quantify these considerations, we have taken individ-
ual holes in the times series and analyzed the time evolution
of the decay process. Fig. 3 shows in a log—log plot the
typical time evolution close to disappearance of a hole. For
consistency, the hole diameter Sy is computed as the
diameter of a circle with the same area as the hole. Initially,
the hole increases by hydrolysis while at later times, line

tension takes over and leads to collapse of the hole. The
collapse regime occurs over roughly one order of magnitude
in time and is approximated by a power law Sy o< (o —1)*.
The average value for the exponent (11 holes) is
0=0.27+0.14, but with values in the range 0.14-0.45.
This indicates a quantitative link between the observed hole
dynamics and previous results regarding domain coarsening
in lipid monolayer films. However, the large variation
among the measured exponent values warrants some caution
against a stronger conclusion since we also know that the
hole dynamics is determined both by line tension and
hydrolysis.

By using a procedure to count and subtract the number of
bright pixels from the number of dark pixels in each
difference-image (as shown in Fig. 2), we are able to obtain
the net decrease in fluorescent membrane area at each time
step. In this way, we can construct the time evolution of the
net membrane area and the rate of change of area (dA4/d¢) for
the sequence, as shown in Fig. 4. The system clearly
exhibits lag-burst kinetics as seen from the sudden increase
in the rate of hydrolysis at around r=1800 s. This lag time
(region 1) is variable among similar preparations, but
comparable to what has been found previously for supported
DPPC membranes [6]. The rate of decrease of membrane
arca (d4/dr) after the lag phase undergoes different
characteristic stages, as evident from Fig. 4. After the
sudden increase in the burst region (II, 300 s), (dA4/d¢) is
relatively constant over a period of ~800 s (III) until it
decreases in a linear way (IV) to zero. This behavior bears a
strong resemblance to the time evolution of the membrane
perimeter L as measured on DPPC membranes by AFM [6]
and indicating a relation of the type:
d4
o <L (1)

Where L is the total perimeter for a given field of view
and dA4/d¢ is the corresponding rate of area change in the
same window. Under this assumption, the constant rate of
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Fig. 4. The time evolution of the total membrane area (line) and the rate of
area decrease (dots) derived by analysis of images in Fig. 1. Four distinct
time intervals (I-IV) of the hydrolysis are indicated and discussed further
in the text.
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hydrolysis in region (III) is explained by the fact that the
perimeter available for enzyme attack in this period remains
rather constant. The linear decrease of d4/d¢ in region (IV)
can be understood if we assume that in this region, the
perimeter is related to the area as Loc\/4. This would be
the case for a circular membrane patch, but may also hold
approximately for more complex boundary shapes. Assum-
ing this relationship, Eq. (1) is easily solved and will
indeed exhibit a linear decrease in d4/d¢ with respect to
time.

In summary, we have visualized that a fluid supported
membrane when hydrolyzed by PLA, undergoes relaxa-
tions in the boundary shape resulting from the fluidity of
the membrane and the action of line tension. After a lag
phase, a burst in hydrolysis occurs starting from existing
holes and by nucleation of new holes. During hydrolysis, a
coarsening of hole sizes is observed in which smaller holes
decay when they are within a certain critical distance from
a larger and expanding hole. This effect resembles Ostwald
ripening in crystal growth and can quantitatively be
described by a power law with an average exponent that
is close to the diffusion-limited prediction. A related effect
is the appearance of Rayleigh instabilities in membrane
rims that have shrunk below a critical width. We have
quantified the rate of area change (d4/df) which grows
rapidly to a constant value and then decreases linearly to
zero. This is in line with the interpretation that hydrolysis
occurs at the boundary at a rate proportional to the
boundary length.
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