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ABSTRACT We monitored the action of phospholipase A2 (PLA2) on L- and D-dipalmitoyl-phosphatidylcholine (DPPC)
Langmuir monolayers by mounting a Langmuir-trough on a wide-field fluorescence microscope with single molecule sensitivity.
This made it possible to directly visualize the activity and diffusion behavior of single PLA2 molecules in a heterogeneous lipid
environment during active hydrolysis. The experiments showed that enzyme molecules adsorbed and interacted almost exclu-
sively with the fluid region of the DPPC monolayers. Domains of gel state L-DPPC were degraded exclusively from the gel-fluid
interface where the buildup of negatively charged hydrolysis products, fatty acid salts, led to changes in the mobility of PLA2.
The mobility of individual enzymes on the monolayers was characterized by single particle tracking. Diffusion coefficients of
enzymes adsorbed to the fluid interface were between 3.2 mm2/s on the L-DPPC and 4.9 mm2/s on the D-DPPC monolayers.
In regions enriched with hydrolysis products, the diffusion dropped to z0.2 mm2/s. In addition, slower normal and anomalous
diffusion modes were seen at the L-DPPC gel domain boundaries where hydrolysis took place. The average residence times
of the enzyme in the fluid regions of the monolayer and on the product domain were between z30 and 220 ms. At the gel
domains it was below the experimental time resolution, i.e., enzymes were simply reflected from the gel domains back into
solution.
INTRODUCTION
The interplay between enzymes and the cell membrane is

essential for the regulation of a wide range of biological pro-

cesses. Phospholipase A2 (PLA2) enzymes play an impor-

tant role in these regulatory processes inasmuch as they

interact directly with the membrane by altering both its

chemical composition and physical state, thereby controlling

its function. By catalyzing the hydrolysis of sn-glycero-3-

phospholipids at the sn-2 ester bond, they release 1-lyso-

phosphatidylcholine and a free fatty acid, e.g., arachidonic

acid, which takes part in cell signaling (1).

Secreted PLA2 constitutes small (14 kDa) calcium-depen-

dent proteins found ubiquitously in the extracellular space of

mammalians; e.g., blood and tear fluid (2), as well as in

insect venoms (1). Previous studies have shown that the

activity of both type IB (from, e.g., pancreas) and type IIA

(from, e.g., snake venom) PLA2s are highly dependent on

the state and composition of the lipid system (3–6). For

instance, the activity toward phosphocholine (PC) vesicles

is at a maximum near the gel-fluid phase transition tempera-

ture (4,7). At this temperature, gel and fluid state lipids

coexist, and there is a maximum in both lipid state fluctua-

tions and lipid lateral compressibility (4,8). The change in

composition caused by lipid hydrolysis affects the phase

behavior of the membranes. As biological membranes exist
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in a state slightly above their melting transition, phospholi-

pases seem to play an important role in maintaining this state

(8). A further intriguing feature of PLA2 kinetics is the fre-

quently observed lag-burst phenomenon. This is especially

pronounced on zwitterionic substrates such as PCs. It is char-

acterized by slow initial hydrolysis (the lag period) followed

by a sudden increase in activity by several orders of magni-

tude (the burst) (4,9,10). Various studies have shown that the

lag phase can be practically annihilated by addition of hydro-

lysis products (4,9,10). This led to the notion that the burst is

induced by phase separation (domain formation) of products

accumulated in the membrane during the lag period. Further-

more, it has been suggested that the presence of negatively

charged hydrolysis products (e.g., ionized free fatty acids)

increases the electrostatic binding between the positively

charged surface patch on PLA2 (referred to as the ‘‘i-face’’)

in which the entrance to the active site is located (11,12).

Based on such observations, a substrate theory has evolved

in which the thermodynamic state of the lipid structure,

rather than the molecular structure of the individual lipids,

determines the overall enzymatic activity (11).

Numerous studies have shown that PLA2 is interfacially

activated, meaning that it only shows activity toward aggre-

gated lipid structures, whereas it is virtually inactive on lipid

monomers in solution (13). Molecular dynamics modeling

suggests that even when tight binding is assumed between

the enzyme and the phospholipid substrate, i.e., with PLA2

partially penetrating the lipid structure, a distance of

z1.5 nm from the outer plane of the lipid structure to the
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FIGURE 1 Schematic of the monolayer setup. A DPPC

monolayer is compressed into the center of the phase tran-

sition region (P ¼ 8 mN/m, MMA ¼ 65 Å2). At this

surface pressure, liquid state lipid molecules (green)

coexist with gel state lipid molecules (blue), which form

domains. In this coexistence region, L-DPPC monolayers

are susceptible to hydrolysis by PLA2-IB (yellow). Hydro-

lysis leads to formation and accumulation of ionized

free palmitic acid (PA, red) and lysophosphatidylcholine

(lyso-PC, olive green) in the monolayer. The monolayer

trough was custom-designed to accommodate the 200-mm

working distance of the high numerical aperture objective

(NA ¼ 1.2) and mounted on a home-built epi-fluorescence

microscope.
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active site of the enzyme still remains (14). This indicates

a need for considerable protrusion of the individual lipid

molecules from the aggregated structure in order to fit into

the active site of the enzyme. Both lipid protrusion and

enzyme penetration must be expected to be favored when

the lipid state is highly fluctuating and lateral compressibility

is at a maximum.

Despite its recognized importance, very few studies have

directly investigated the dependence of heterogeneities and

domain formation in the lipid structure on the activation of

PLA2 (e.g., (3,12,15)). In a recent study (16), single enzyme

diffusion of gel bilayer segments supported by glass was

investigated. It is known, however, that glass perturbs the

bilayer behavior. Further, the fluid-solid interface was not

present in that study. To the best of our knowledge, direct

visualization of single PLA2 molecules and quantification

of the effect of the heterogeneous lipid environment has

not been reported in the literature. It was the aim of this study

to investigate, at the single molecule level, the adsorption,

lateral diffusion, and lateral partitioning behavior of PLA2,

and correlate these directly to the microstructure of the phos-

pholipid monolayers during hydrolysis.

To perform such a study, we developed a novel monolayer

trough designed primarily to accommodate high numerical

aperture (NA) microscope objectives (see scheme in Fig. 1,

setup described in (17)). In comparison to previously pub-

lished fluorescence studies on doped monolayers (e.g.,

(3,18)), and labeled PLA2 (19), the combination of the novel

Langmuir trough and a wide-field microscope with single

molecule detection sensitivity used in this study resulted in

a drastic increase in optical resolution, signal/noise ratio,

and temporal resolution. As has been shown, single-mole-

cule experiments can reveal phenomena that are hidden

from ensemble data and provide new insights into the influ-

ence of lipid heterogeneities on the action of lipolytic

enzymes (20,21). Phospholipid monolayers were chosen

for this study for several reasons. Most importantly, phos-

pholipids are the natural substrate for PLA2, their mono-
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layers at the air-water interface are well characterized in

the literature (18,22), and they mimic the natural situation

in which the enzymes operate. In addition, they are thermo-

dynamically well-defined lipid systems in which several

parameters (surface pressure P, mean molecular area MMA,

temperature T, etc.) can easily be controlled. Furthermore,

they are readily visualized using standard fluorescence

microscopy methods.

In this study, the action of PLA2-IB on 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC) monolayers in the lipid

state coexistence region was monitored using two comple-

mentary types of fluorescence labeling schemes. In a first

set of experiments, L-DPPC monolayers were fluorescently

labeled with a lipid fluorophore that partitions exclusively

in the fluid regions. In a second set of experiments, only

PLA2-IB was marked with a small organic dye, a water-

soluble perylene diimide (PDI) (23), which has no influence

on enzyme activity (24). When using low concentrations,

single enzymes molecules were tracked while diffusing on

the monolayer. Both L-DPPC and D-DPPC monolayers

were studied. Although the binding affinity of PLA2 for

both lipids is similar (25), the enzyme shows no activity

for the D-DPPC layer, which therefore served as a nonhydro-

lyzable surface.
MATERIALS AND METHODS

Chemicals

L-DPPC and D-DPPC (left- and right-handed enantiomers) were from

Avanti Polar Lipids (Cat. No. 850355; Alabaster, AL) and from Sigma-

Aldrich (Cat. No. 42566; St. Louis, MO), respectively. Fluorescence label

n-(tetramethylrhodamine-6-thiocarbamoyl)-1,2-dihexadecanoyl-sn-glycero-

3-phosphoethanolamine (TRITC-DHPE) was supplied by Invitrogen (Cat.

No. T1391; Carlsbad, CA). Purified porcine pancreas PLA2 (Type IB)

was provided by Novozymes (Bagsværd, Denmark). All solvents were

spectroscopic grade from Merck (Whitehouse Station, NJ). Milli-Q-water

(>18.0 MU per 1/2 cm at 25�C) was purified on a desktop system

(Millipore, Billerica, MA) and it was used for all steps involving water.



FIGURE 2 Time evolution of the morphology of a gel

domain during PLA2-IB catalyzed hydrolysis at time

0 min (A), 34 min (B), 48 min (C), and 64 min (D) after

compression to 65 Å2. Note that the domain in image A
is not the same as the domain followed in images B–D,

due to a slight drift in the monolayer. The L-DPPC mono-

layer was doped with the fluorescent lipid analog (TRITC-

DHPE).
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Ultra-pure salts for buffer (TRIS pH 8.9, 150 mM NaCl, 5 mM CaCl2) were

purchased from Merck. All chemicals were used as received.

Enzyme labeling

The n-hydroxisuccinimide (NHS)-ester of PDI (PDI-NHS) was synthesized

and purified as previously described (24). Conjugation of PDI-NHS to PLA2

was performed using standard procedures for protein labeling: PDI-NHS

was added in 25-fold excess to an enzyme solution in carbonate buffer

(pH 8.0). The solution was then incubated at 4�C for 2 h to produce the

dye-labeled enzyme (PLA2-PDI). The PDI-NHS bound itself to the enzyme

through the amino groups of the lysine residues. Removal of unreacted dye

from the enzyme solution was accomplished by several (z20) size-exclu-

sion spin filtrations with 5 kDa filters. Successive spin filtrations were per-

formed until the filtrate was free of unreacted dye. The activity of the enzyme

was verified on our monolayer setup with no detectable loss of activity.

Absorbance spectroscopy showed, on average, three labels per protein. Fluo-

rescence correlation spectroscopy measurements confirmed the presence of

a single diffusing species (PLA2-PDI) with D3D ¼ 100 mm2/s (measured

relative to rhodamine 6G with known D3D ¼ 300 mm2/s (26)).

Langmuir film preparation

A home-built Langmuir Teflon trough (DuPont, Wilmington, DE) with

internal dimensions 150 � 50 mm equipped with two moveable barriers

made from Delrin (DuPont) was used for the experiments. The trough was

designed for our inverted fluorescence microscopy setup. To accommodate

the short working distance of our microscope objective (see below), the glass

observation window in the center of the trough was elevated z3 mm above

the Teflon trough bottom. This made it possible to keep a stable 3–4 mm

high subphase in the majority of the trough, while minimizing the height

of the subphase directly above the observation window of the required

z200 mm. The Langmuir trough electronics and control software was

from Kibron (Espoo, Finland). A full description of the monolayer trough
will be published elsewhere. To reduce surface flow of the monolayer in

the observation region, a Teflon ring (Ø 15 mm, height 3 mm) with a slit

opening (2 mm) facing one of the barriers was placed on the cover glass

in the trough during experiments. A second cover glass was placed on top

of the Teflon ring to further reduce air flow. The entire trough was covered

with an acrylic case. Monolayers were spread from z0.6 mg/mL solution of

lipid dissolved in hexane/ethanol 95:5 (v/v). Doped monolayers contained

<0.1 mol % TRITC-DHPE.

Addition of enzyme beneath the monolayers

Two different strategies were used for injection of enzyme. In experiments

with TRITC-DHPE doped monolayers (Fig. 2), the enzyme was dissolved in

the subphase before spreading the monolayer and compression of the mono-

layer. This ensured a homogenous concentration in the aqueous subphase

when the experiment was initiated. For experiments with fluorescently

marked PLA2 (PLA2-PDI), the enzyme was injected with a Hamilton

syringe that was immersed from behind the monolayer barriers after mono-

layer compression. The enzyme was injected in proximity to the observation

window. This created a gradient in the enzyme concentration near the obser-

vation area that made it possible to select areas with suitable surface density

of enzyme, i.e., well-separated particles, as required for single particle

tracking (SPT).

Wide-field microscopy

Images presented in Fig. 2 were recorded on a charge-coupled device camera

(model No. KX85, pixel array: 1300 � 1030, pixel size: 6.7 mm; Apogee,

Minneapolis, MN). All other images, including an image series for SPT,

were recorded on an electromagnetic charge-coupled device camera

(IXON EMþ, DU897BV; Andor Technology, Belfast, Northern Ireland),

pixel array: 512 � 512, pixel size: 16 mm). All images shown here were

recorded using an Olympus 60�, water immersion, NA 1.2, UPLAPO

objective (working distance: 0.22 mm). The Apogee camera was used in
Biophysical Journal 98(9) 1873–1882



FIGURE 3 (Left) Pressure-area

isotherm from the experiment shown

in Fig. 2. Compression was started at

a MMA 110 Å2, and the onset of the

phase transition region is seen at

MMA 82–83 Å2. Compression was

stopped at a target MMA of 65 Å2 cor-

responding to a surface pressure of

8 mN/m. The monolayer was kept

a constant area during the enzyme

adsorption and hydrolysis process.

Domain shapes at corresponding times

and pressures during the hydrolysis

process are shown for reference. (Right)

Pressure-time plot. Compression was

started at t ¼ �13 min, the phase coex-

istence region was reached at t ¼ �6

min, and compression was stopped at

MMA 65 Å2 where large trilobed

domains were formed (t h 0).
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combination with a 1� camera lens. The Andor camera was used with

a 2.5� camera lens (Total magnification: 150�). Samples were excited at

532 nm at a final excitation irradiance at the sample plane of 0.5–2 kW/cm2.

SPT

The determination of single enzyme trajectories was performed using

a home-developed routine in MATLAB (The MathWorks, Natick, MA).

The enzyme can be located with a precision of z100 nm for slowly

diffusing enzymes and z200 nm for fast diffusing enzymes. The values

of the diffusion coefficient for all the different enzyme motions were deter-

mined using cumulative distribution functions (CDFs). All trajectories in

a given experiment (between 6000 and 16,000 trajectories) were analyzed

using these CDFs, where square-displacements at each time interval of all

trajectories were calculated and plotted as a histogram. This histogram is

a probability function of the square-displacements, from which we are

able to extract mean-square displacements (MSDs) at the corresponding

time-interval. If, for example, the diffusive motion is heterogeneous and

contains two distinct diffusion constants, one will obtain two values of

MSD from the CDFs. By estimating the MSD at each time interval, one

can construct MSD curves on each diffusion constant. When different

regions (i.e., gel or product domains) were present, the trajectories were first

classified into separate sets, namely trajectories in gel, fluid, and product

domains, respectively, with each set of trajectories analyzed separately.

The details of the analysis are described in the literature (20,27). The frame

rate was typically 15 images/s, with an exposure time of 20–40 ms depend-

ing on the sample.
RESULTS AND DISCUSSION

Visualizing enzymatic action on fluorescently
labeled monolayers

In this series of experiments, the monolayers were labeled

with TRITC-DHPE. Using this fluorophore, the gel L-DPPC

domains appeared as dark regions and the fluid regions

(L-DPPC þ TRITC-DHPE) appeared as bright areas in the

fluorescence images. This allowed us to monitor domain

structural changes during enzymatic activity.

The first indication of enzymatic action appeared as

an accelerated relaxation of the bean-shaped or trilobed

L-DPPC domains into circular domains within a time-span
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of 30 min (Fig. 2, A and B). Relaxations from multilobed

shapes are also seen in absence of enzyme, but in that case

typically take several hours or days (18,28). The circular gel

domains were then degraded from the gel-fluid interface as

channels of fluid regions began to spread into the gel domains

(Fig. 2 C). Strikingly, the channel formation occurred simul-

taneously on practically all domains within a given experi-

ment (Fig. S1 in the Supporting Material). This was always

observed, even though the lag time before channel formation

varied considerably in-between separate but identical experi-

ments (tlag ¼ 40 5 10 min). This is a strong indication of

a thermodynamic control of the process, as simultaneously

occurring domain degradation must be controlled by macro-

scopic properties and not by the microscopic structure of

the individual domains. The overall growth pattern of the

channels appeared similar on all domains (Fig. S1). Degrada-

tion furthermore occurred from only one side of the domains,

leaving the opposing side remarkably inert to hydrolysis

(Fig. 2, C and D). The channel growth appeared directed,

and in many cases followed a straight line over large distances

on the molecular level. Taken together, this indicates that

channel formation is linked to the internal structure of the

L-DPPC gel domain. It seems likely that individual lipids in

the gel domains are oriented on a lattice and can only be

attacked by the enzyme from one side. The structure of the

partly degraded domains, observed here for pancreatic

PLA-IB, closely resemble those reported for snake venom

PLA2-IIA on a similar system (3,29).

The experiments were performed under constant area con-

ditions to avoid disturbance introduced by possible move-

ment of the barriers. As a consequence, the lateral pressure,

P, typically increased from initially 8 mN/m to finally

17 mN/m (t ¼ 91 min). This was most likely caused by a

combination of enzyme adsorption, enzyme penetration

into the monolayer, and hydrolysis. Complete pressure-

area and pressure-time isotherms associated with Fig. 2 are

given in Fig. 3.



FIGURE 4 Wide-field fluorescence images of L-DPPC

monolayers compressed to P ¼ 8 mN/m (22�C) with

different concentrations of fluorescently labeled PLA2

enzymes (PLA2-PDI). (A and B) When the enzyme is present

in high concentration, it is possible to visualize the domain

structure (see text). It is also evident, from the bright regions

along the domain interface, that a higher local concentration

of PLA2-PDI is found along the fluid/gel boundary. (C) At

low concentration, it is possible to discriminate and track

single enzyme molecules (fluorescence image after linear de-

convolution process). The magnifications show trajectories

described by slow diffusing (top) and fast diffusing (bottom)

PLA2-PDI molecules. Integration time: 22 ms.
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Visualizing individual PLA2-PDI enzymes

In this set of experiments, PLA2-IB was labeled with the

highly photostable organic dye PDI (23,24). In this way,

the location and mobility of labeled enzyme (PLA2-PDI)

could be tracked, analyzed, and linked to different lipid

regions in the monolayer. Fig. 4 shows typical images of

an undoped L-DPPC monolayer with different amounts of

PLA2-PDI added to the aqueous subphase (compare this to

Fig. 1). All fluorescence contrast stems from labeled protein

associated to the monolayer.

At relatively high concentrations of enzyme (>10�11 M),

the fluorescence images reveal the domain-segregated struc-

ture of the monolayer (Fig. 4, A and B) due to the different

affinities of the enzyme toward regions of different lipid

packing (i.e., lipid states). These images directly show that

PLA2-PDI interacts preferentially with the fluid regions, as

is evident from the bright interface of the domains. In prin-

ciple, the image contrast should also make it possible to esti-

mate the partition coefficient of PLA2 between the fluid

regions and the gel domains. In practice, however, only

a very low signal from the enzyme could be observed in

the gel regions, and therefore, the enzyme is best character-

ized as having no affinity toward these dense gel-state lipid

domains. The bright regions observed along the domain

interface are caused by a higher local PLA2-PDI concentra-

tion and/or slower diffusion of the enzyme molecules at

the fluid/gel boundary. At the highest concentration used

(Fig. 4 A, [PLA2-PDI] z 10�9 M), the entire fluid-gel inter-
face is covered with PLA2-PDI. However, differences in

fluorescence intensity witnessed at the liquid/gel interface

indicate a nonuniform distribution of labeled PLA2-PDI

molecules. Thus, the hydrolysis of the domains from only

one side of the domains (Fig. 2 and Fig. S1) cannot be due

to different affinities of the enzyme at different sides of the

domains. At lower concentration (Fig. 4 B, [PLA2-PDI] z
10�11 M), the enzyme is clearly accumulated at discrete sites

on the domain interface (bright spots), where it seems to be

virtually immobilized. From the spot size and fluorescence

intensity, we speculate that the majority of the spots are

aggregates of several enzyme molecules.

To visualize the mobility of enzymes while acting on the

phospholipid monolayers, the enzyme concentration was

decreased to the picomolar regime. This was needed to

ensure that the individual enzymes were well separated so

that individual enzyme trajectories could be resolved. For

this purpose, image time-series of monolayer regions with

low surface density of the enzyme were recorded and

analyzed (Fig. 4 C). As a result of the low concentration of

enzyme, the monolayer structure could not be inferred

from the individual image frames.

Single-particle tracking of PLA2-PDI

To investigate the influence of hydrolysis on the diffusion

behavior of PLA2, parallel experiments on L-DPPC and

D-DPPC were performed at the single-molecule level. As

pointed out previously, PLA2 cannot hydrolyze D-DPPC
Biophysical Journal 98(9) 1873–1882



FIGURE 5 Diffusion behavior of labeled individual PLA2 molecules. (A)

Typical trajectories of individual PLA2 molecules diffusing on the fluid

region (white) and near the fluid/gel boundary (yellow) as observed in the

background image (accumulated over 100 frames). Four of the trajectories

colored in yellow are magnified in panel B. In three of the trajectories, it

is possible to distinguish the hot spots (indicated by the red circles) where

diffusion is slow. The color scale is sequential and does not indicate real

time. The first data point is depicted in red and the last one in blue.
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and is thereby inactive on the D-DPPC substrate monolayers.

Nevertheless, PLA2 has the same initial binding affinity

for lipid structures of these two enantiomers (19,30,31).

Although PLA2 could be inactivated by removal of its

cofactor Ca2þ from the buffer, that approach was considered

undesirable, as Ca2þ removal might affect the binding

affinity of PLA2 to the monolayer (32) and would definitely

have influenced the phase behavior and lipid packing of the

monolayer structure itself (22).

The advantage, and justification, of SPT experiments and

analysis is the ability to detect heterogeneities in the trajecto-

ries followed by individual molecules. Single enzyme trajec-

tories show that different PLA2-PDI molecules may present

different diffusion coefficients (Fig. 4 C). Moreover, when

representative trajectories of single enzymes diffusing on

L-DPPC monolayers are laid out, it is possible to discrimi-

nate two distinct spatial regions where phospholipase mole-

cules diffuse differently (Fig. 5 A). Although freely diffusing

on the largest part of the monolayer in the field of view, on

some regions the molecules seem to be immobilized or

confined (e.g., top-left corner of the image on Fig. 5 A).

Taking into account the morphology that could be outlined

at higher enzyme concentrations, we expect these immobi-

lized or slowly diffusing PLA2-PDI molecules to be located

at the gel domain boundaries.

A detailed analysis of the trajectories followed by single

enzyme molecules located near the fluid/gel boundary in

Fig. 5 reveals heterogeneities both between and within the

trajectories (Fig. 5 B). Four representative examples of

enzymes that showed switching between fast and slow diffu-

sion are depicted in Fig. 5 B. From the results obtained with

the fluorescently labeled monolayer, we speculate that the

trajectories detected near the gel domain region correspond

to PLA2-PDI molecules confined to the channels produced
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by hydrolysis (compare to Fig. 2, C and D). Such transiently

confined enzymes show switching between fast and slow

diffusion and vice versa. The periods of slow diffusion are

indicated by the red circles in Fig. 5 B. Importantly, this

switching diffusion behavior was not detected for enzymes

diffusing on the unhydrolyzable D-DPPC monolayer.

The different mobility of the enzyme molecules on the dif-

ferent areas of the L-DPPC monolayer becomes clear when

using mobility-localization microscopy (M-LM) images.

In all types of localization microscopy, e.g., PALM, STORM,

PALMIRA, and S-PALM (33), the position of single mole-

cules within a frame is determined with high accuracy. This

is done for all frames in the recorded movie and in the end,

a super-resolution image is reconstructed. Here, instead of

plotting the position of each molecule in the recorded movie

on a final image, we plot the measured displacement of each

individual enzyme between two consecutive image frames

onto one final image. The images obtained this way map

out the relation between the monolayer structure and the

mobility of the enzyme. The two regions where PLA2-PDI

molecules present different diffusion behavior can now be

identified clearly on the L-DPPC monolayer (Fig. 6 A),

whereas enzyme motion on the fluid region of the D-DPPC

monolayer is found nearly homogeneous (Fig. 6 B).

In a similar way, the affinity of the enzyme for different

regions of the monolayers can be evaluated by constructing

histogram-LM images (H-LM (20)). H-LM images are con-

structed by replotting the detected localization of each indi-

vidual enzyme from each image frame of a time series of

images onto one final histogram image. The H-LM image

does not distinguish individual enzymes or contain informa-

tion on dynamics, but instead provides insight into the likeli-

hood of an enzyme to be found at a particular location. Thus,

M-LM and H-LM plots contain different information.

The H-LM images for the PLA2-PDI diffusing on the

different monolayers are shown in Fig. 6, C and D.

Although not immediately recognizable from the fluores-

cence images at low enzyme concentration, the gel domain

structures are rendered visible both in M-LM and H-LM

images (Fig. 6). This is especially true on the D-DPPC

monolayer, where the domains are well defined and remain

unchanged during time because no hydrolysis can occur.

Near the domains, clear differences between the two systems

are evident. On the L-DPPC monolayer, the enzyme binds

preferentially to localized spots, i.e., hot-spots (shown in

yellow and red) located at the gel-fluid boundary region

(Fig. 6 A). In contrast, the enzyme is relatively homoge-

neously dispersed in the fluid region of the D-DPPC layer

(Fig. 6 B). It is obvious from Fig. 6, B and D, that neither

is there an accumulation of enzyme at the domain boundary

of D-DPPC layers nor any measurable change in mobility.

When an enzyme hit a domain boundary, it typically did

not dissociate but instead continued diffusing in the liquid

phase. Interestingly, the hot-spots coincide with the areas

where enzyme diffuses slowly and they are limited to



FIGURE 6 (A) M-LM image constructs the mobility of

PLA2-PDI enzymes diffusing on a L-DPPC that is suscep-

tible to hydrolysis. The enzyme diffuses markedly slower

in distinct regions (red areas). (B) In the liquid regions

of the nonhydrolyzable D-DPPC monolayer, measured

enzyme diffusion mobilities are homogeneously distrib-

uted. (C and D) H-LM images showing the localization

of PLA2-PDI enzymes diffusing on (C) a L-DPPC and

(D) a D-DPPC monolayer. Colored scale bars indicate

measured diffusion mobilities (in mm/s) and local occur-

rence of the enzyme. All scale bars in the images are 10

mm. The total number of images was 1000 corresponding

to a total time of 68 s (15 frames/s).
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L-DPPC monolayers. We can therefore conclude that they

are intimately linked to hydrolysis. This indicates that the

regions of slow enzyme diffusion on L-DPPC are most likely

hydrolysis product domains. It should be added that hydro-

lysis in the fluid phase is known to be very slow and that

hydrolysis mostly happens at the domain boundaries (34).

Further, hydrolysis products are known to phase-separate

in the solid phase and in the solid-liquid coexistence regime

in bilayers (see (35) and the phase diagram therein). We

therefore expect that the diffusion in the liquid-expanded

phase is not very much affected by product formation.

The values of the diffusion coefficient for the different

enzyme motions were determined using cumulative dis-

tribution functions (20,27). Within the fluid regions of the

L-DPPC monolayer, all the enzymes seemed to diffuse

randomly, with slightly different diffusion coefficients.

In detail, the trajectories described by the majority of the

molecules (87%, 1216 molecules analyzed) exhibited only

fast diffusion with D ¼ 3.2 mm2/s, while 13% of the trajec-

tories were found to contain both fast (D ¼ 3.2 mm2/s) and

slow periods (D < 0.038 mm2/s). Conversely, near the gel-

fluid boundary, 16% of the trajectories (515 molecules

analyzed) exhibited slow diffusion (D < 0.031 mm2/s). The

majority of trajectories (61%) showed a combination of

slow (D < 0.031 mm2/s) and fast (D ¼ 3.2 mm2/s) diffusion

steps. The remaining 13% of the molecules showed anoma-

lous diffusion (D ¼ 0.27 mm2/sa, a ¼ 0.24), indicating con-

finement of the diffusion, probably in channels that are

formed in the gel domain (see features in Fig. 2). This

behavior is in great contrast to the diffusion behavior found
on D-DPPC. In the fluid region on D-DPPC, 90% of the

trajectories (2971 molecules analyzed) exhibited normal fast

diffusion (D ¼ 4.9 mm2/s). The remaining 10% was hetero-

geneous, having periods of slow (D < 0.004 mm2/s) and

fast diffusion. Because diffusion is faster on D-DPPC (D ¼
4.9 mm2/s) than on L-DPPC (D¼ 3.0 mm2/s), it is speculated

that some hydrolysis takes place in the fluid region of the

L-DPPC monolayer. Slow diffusion constants are only given

with upper limits, as they are so slow that they might be

influenced by domain or monolayer movement. Photo-

bleaching was not considered as a possible limitation for

the determination of the residence times. It has been shown

in Peneva et al. (24) that under the conditions used in our

work, the lifetime of the label is ~5 s.

When hydrolysis was allowed to proceed over >1 h, large

areas with distinctly slower enzyme diffusion (i.e., localized

spots over a large area) were observed within the fluid region

of L-DPPC monolayers (Fig. 7, A and B). Because these areas

were always detected near the gel domains, we can speculate

that they form as the debris of products generated as the gel/

fluid boundary diffuses into the fluid region and accumulates.

Although the existence of these so-called product domains

has been previously reported, their structure and exact compo-

sition are largely unknown, but it seems clear that they

contain, at least, calcium palmitate salts (22,36,37).

On such product domains, the enzyme molecules (2095

enzymes analyzed) presented diffusion with two character-

istic diffusion coefficients: D ¼ 0.16 mm2/s and D <
0.031 mm2/s. Compared to the fluid L-DPPC region, the

mobility of PLA2-PDI is reduced by a factor of 20.
Biophysical Journal 98(9) 1873–1882



FIGURE 8 M-LM image of the product-enriched area on L-DPPC (see

also Fig. 7). The image shows that the diffusion mobility did not vary

systematically within the product-enriched area.

FIGURE 7 (A) Accumulation over 50 frames of a L-DPPC layer incu-

bated with low enzyme concentration (z10–12 M) for >60 min. It is

possible to discriminate the gel domain (no enzymes, black region in

upper-right corner), the fluid region (enzymes diffusing fast leading to

a uniform fluorescence) and the product domain (enzymes diffusing slowly

or immobilized). The dashed square indicates the product domain region

shown in panels B and C. (B) Fluorescence image of the product domain

in which single enzyme molecules can be discriminated. Integration time:

30 ms. (C) The H-LM image shows a tendency for the enzyme to preferen-

tially localize near the gel-fluid boundary.
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Approximately one-half of the trajectories showed only the

fast component, 1% only the slow, and 48% showed periods

of both slow and fast diffusion. The M-LM image (Fig. 8)

shows that the diffusion coefficients of PLA2-PDI did not

vary systematically within the product domain. Nevertheless,

the H-LM shows a preferential localization of the enzyme for

the product domain-gel domain interface (Fig. 7 C).

In addition to the diffusion coefficients, the residence time

(i.e., average time-length of the trajectories) for PLA2-PDI

was determined for the different systems. In all cases, a satis-

factory fit was obtained by fitting the obtained distribution of
TABLE 1 Summary of diffusion coefficients and mean residence tim

Monolayer system

D (mm2/s) Normal diffusion

D (mm2/sa

diffus

Fast

components

Slow

components

L-DPPC fluid region 3.2 5 0.1 <0.038

L-DPPC near domain 3.2 5 0.1 <0.031 0.27

a ¼ 0.

L-DPPC product domain 0.16 5 0.002 <0.031

D-DPPC fluid region 4.9 5 0.1 <0.004

The typical exposure time of each snapshot is 20–40 ms. Thus, the short residence

These events are not used for diffusion analysis. Only events with long residence

diffusion components display values corresponding to virtually immobile enzym

influenced by movement of domains. The procedure for obtaining the diffusion c

therein, see also text).
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trajectory duration to a two-component exponential decay.

All systems contained the same relatively short residence

time of 28 ms (corresponding to the exposure time of a single

frame), as well as a more long-lived component that varied

between 95 and 220 ms. The short residence-time compo-

nent is attributed to enzymes at the surface that did not

bind specifically to the monolayer; e.g., enzyme at the inter-

face with the binding motif (i.e., the i-face) facing away from

the monolayer. When within the product domain, the resi-

dence time of PLA2-PDI molecules doubled. This further

strengthens the hypothesis of a region enriched in negatively

charged hydrolysis products where the enzyme binds more

strongly. All diffusion coefficients and residence times are

summarized in Table 1. The survival time of the fluorescence

dye was estimated to be 5 s (24). Therefore, bleaching should

not play a major role.
CONCLUSION

Here we studied the action of PLA2 on monolayers under

conditions comparable (although not identical) to a bilayer
es of PLA2-PDI

) Anomalous

ion (fast)

Residence time (ms)

Number of

trajectories analyzed

Short

components

Long

components

— 28 95 1216

5 0.01

24 5 0.02

31 220 515

— 27 190 2095

— 26 132 2971

times correspond to 1–2 snapshots and probably indicate nonbinding events.

times were used to obtain the fast and slow diffusion coefficients. The slow

es. We only give an upper limit because on this timescale the values may be

oefficients and the errors is described in Schütz et al. (27) (compare to Fig. 3



FIGURE 9 Cartoon representation showing typical modes of diffusion in

different environments. For diffusion on the fluid region (lipids in green), the

diffusion was generally normal with a diffusion coefficient of 3 mm2/s.

Enzymes located near L-DPPC gel domains showed more complex diffusion

with, e.g., transient trapping of the enzyme. After extended hydrolysis, areas

enriched in hydrolysis product (molecules in olive green and red) showed

enzyme diffusion that was significantly slower than on the fluid region.

See text for details.

PLA2 Action on Lipid Monolayers 1881
membrane in the melting regime. The primary scope of this

study was the direct visualization of activity and diffusion

behavior of PLA2 in a heterogeneous lipid environment.

This was engaged upon by performing high-resolution and

high-sensitivity time-resolved fluorescence imaging and

single-particle tracking of PLA2-IB on L-DPPC monolayers

during active hydrolysis. By tracking individual enzymes

in the different phases of the substrate, differences in their

mobility were related to differences in activity toward the

different phases. All the experiments reported in the literature

so far point to the fact that hydrolysis predominantly takes

place at the domain boundaries (4,7,11). Our results corrobo-

rate this notion through direct visualization of enzyme

activity. The results provide further evidence of a drastic

change in the enzyme behavior at the gel-fluid boundary as

hydrolysis progresses. The preferential binding of the enzyme

to the gel-fluid boundary shown in the H-LM images on L-

DPPC monolayer is not seen in absence of hydrolysis on

a nonsubstrate D-DPPC monolayer. Moreover, the decreased

mobility of PLA2 in the fluid region of L-DPPC monolayers,

relative to D-DPPC monolayers, indicates that some hydro-

lysis may also take place in the fluid region.

The advantage of SPT is clear in the context of this study,

because it allows us to distinguish among PLA2’s different

modes of diffusion in different regions, and to determine

the associated diffusion coefficients as well as residence

times of the enzyme on the monolayer. In a condensed

format, the enzyme was found to diffuse fast in the fluid

regions of the L-DPPC monolayer, and slow near domain

boundaries where hydrolysis predominantly takes place.

The enzyme appears to have very low affinity on gel

domains, presumably because the lipid packing is too dense

for the enzyme to penetrate the domains (Fig. 9).
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