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Chapter 2

Dual-color fluorescence-burst

analysis to study

pore-formation and

protein-protein interactions

Geert van den Bogaart, Ilja Kusters, Jeanette Velásquez, Jacek T. Mika, Victor V.
Krasnikov, Arnold J.M. Driessen and Bert Poolman1

2.1 Abstract

Dual-color f luorescence-burst analysis (DCBFA) enables to study leakage of fluo-
rescently labeled (macro-) molecules from liposomes that are labeled with a second,
spectrally non-overlapping fluorophore. The fluorescence bursts that reside from the
liposomes diffusing through the focal volume of a confocal microscope will coincide
with those from the encapsulated size-marker molecules. The internal concentra-
tion of size-marker molecules can be quantitatively calculated from the fluorescence
bursts at a single liposome level. DCFBA has been successfully used to study the
effective pore-size of the mechanosensitive channel of large conductance MscL and
the pore-forming mechanism of the antimicrobial peptide melittin from bee venom.
In addition, DCFBA can be used to quantitatively measure the binding of proteins

1This chapter has been accepted for publication and will appear in the October 2008 issue of

Methods.
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Introduction DCFBA to study pore-formation

to liposomes and to membrane proteins. In this paper, we provide an overview of
the method and discuss the experimental details of DCFBA.

2.2 Introduction

Membrane pores are a class of proteins that form holes in membranes that can
be functionalized with a gate to allow regulated transport. They range from very
small proteins, such as the ∼ 2 kDa α-helical antimicrobial peptides [23], up to very
large protein complexes, such as the ∼ 50 MDa nuclear pore complex [24]. There
is a considerable interest in membrane pores as defects in the protein(s) can cause
numerous diseases [25]. Moreover, membrane pores offer interesting applications
in targeted drug delivery [26], and pore-inducing peptides offer potential as new
antibiotics [27]. A variety of assays is available to measure the translocation of
molecules through membrane pores in order to obtain information on their structure
and activity.

Electrophysiology (e.g. patch-clamp, black lipid membranes) can be used to
probe the ion conductance through membrane pores but does not allow direct mea-
surement of fluxes of neutral solutes. In addition, direct translocation of macro-
molecules cannot be readily observed, because of their limited charges relative to
the free ions in solution. However, macro-molecule translocation can be observed
indirectly through blocking of the channel conductance, although formally transloca-
tion cannot be distinguished from mere association to the channel [28, 29, 30]. Also,
it can be technically very challenging to embed the membrane pores in membrane
structures that are large (> 1 µm for patch-clamp) and stable enough to allow for
patch-clamp or black lipid membranes.

Alternatively, translocation through membrane pores is measured via leakage of
(macro-) molecules from liposomes that bear the membrane pores of interest. The
leaked molecules are separated from the molecules that are still encapsulated by use
of a variety of non-equilibrium techniques, such as size-exclusion chromatography,
filtration or centrifugation [31, 32]. The extent of leakage is determined by quan-
tification of both the leaked and encapsulated fractions, e.g. using radioactivity or
fluorescence. As it involves a separation step, this technique does not enable to
monitor the leakage immediately and it is difficult to obtain kinetic information.

Leakage from liposomes can be measured directly with fluorescence-based assays,
where liposomes are loaded with a fluorophore such as calcein, a highly self-quenched
fluorescein derivative [33, 34]. As the fluorophore leaks from the liposomes, it is di-
luted into the external solution and the fluorescence increases because of decreased
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Geert van den Bogaart Principle of DCFBA

self-quenching. This enables to follow the leakage directly in a single reaction and
no separation step is needed. The main limitation of this approach is that only self-
quenching fluorophores can be used. Thus, leakage of fluorophore-labeled macro-
molecules cannot be measured with the assay, because generally they cannot be
concentrated enough for self-quenching (typically 25 – 100 mM). In addition, leak-
age assays based on separation or self-quenching provide bulk information; i.e. only
the average leakage is determined. For instance, in the case where only a fraction
of the marker molecules leak out, one cannot distinguish between full leakage from
part of the liposomes or partial leakage from all liposomes.

Obtaining single liposome resolution is essential to probe for heterogeneities in
the population and can provide important information on the life-time or the number
of active pores. Therefore, single liposome detection provides single pore informa-
tion when the number of pores per liposome is limited. Recently, we introduced
a fluorescence-burst assay, called dual-color f luorescence-burst analysis (DCFBA)
that allows leakage of fluorophores to be assessed at a single liposome level [17]. In
this review, we demonstrate that DCFBA can be successfully applied to measure
the binding of proteins to membranes and to obtain quantitative information on
protein-protein interactions.

2.3 Principle of DCFBA

DCFBA enables to measure the leakage of fluorescently labeled size-marker mole-
cules from liposomes. The liposomes are labeled with a second, spectrally separated,
lipophilic probe (Fig. 2.1a). Although liposomes, with diameters typically ranging
from 50 to 400 nm, are relatively large compared to the encapsulated size-markers,
they still diffuse, albeit with a low diffusion constant, i.e. ∼ 2.3 µm2 s−1 for a 200
nm liposome [17]; for the water soluble Alexa fluor 488, the diffusion constant is
435 µm2 s−1 (succinimidyl ester; 643 Da; 25◦C) [35]. The size-marker molecules
also diffuse, but their motion is confined by the liposome. The fluorescence bursts
that reside from the liposomes diffusing through the focal volume of a confocal
microscope will therefore coincide with those from the size-marker molecules (Fig.
2.1b). If the size-marker molecules leak from the liposomes (Fig. 2.1c), for instance
through membrane pores, their motion is no longer limited by the liposomes and the
fluorescence bursts no longer coincide (Fig. 2.1d). Thus, a decrease in the level of
coincidence indicates passage of the size-marker molecules through membrane pores.
If the size-marker molecules are too large to pass through the membrane pores, the
bursts will still coincide (Fig. 2.1e – f).
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Figure 2.1: Principle of dual-color fluorescence-burst analysis. (a) Liposomes are
labeled with a fluorescent lipid analog (◦) and loaded with size-marker molecules that
are labeled with a spectrally non-overlapping second fluorophore (�). The motion of
the size-marker molecules (dotted arrow) is confined by the liposomes (solid arrow).
(b) The fluorescence bursts, resulting from the diffusion of the liposomes (panel a)
through the detection volume of a dual-color confocal microscope are recorded for
about 10 min. The bursts coincide, since the size-marker (lower panel) is liposome
(upper panel) associated. The dotted line indicates the offset used for the calculation
of the internal concentrations of the size-marker molecules (see Fig. 2.2). (c) Same as
panel a, but now after opening of a membrane pore and leakage of the size-marker
molecules. (d) The fluorescence bursts no longer coincide, since the size-marker
molecules are no longer liposome associated. (e) Same as panel c, but now the size-
marker molecules do not pass through the pore, and the fluorescence bursts (f) still
coincide. By varying the size-marker molecules, the pore-size can be determined. By
varying the lipid composition of the membrane, one can obtain detailed information
on the mechanism of pore-formation and the channel properties, e.g. as described
in [17, 19].
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During a measurement time of about 10 min, typically 100 to 1,000 fluorescence
bursts are observed and each is originating from a liposome passing through the
focal volume of the microscope. As both the fluorescence signals of the size-marker
molecules and the lipophilic probes are linearly related to the number of fluorophores
in the focal volume, the internal concentration of size-marker molecules in the lipo-
somes can be calculated from the fluorescent intensities of the bursts. Thus, a list of
typically 100 to 1,000 internal size-marker concentrations is obtained from a DCFBA
experiment. Pore-formation can be induced by, for instance, auto-insertion of antimi-
crobial peptides or α-hemolysin [23, 19] or gating of pores reconstituted in liposomes
[36], as was performed for the mechanosensitive channel of large-conductance MscL
from Escherichia coli [17].

2.4 Comparison with other methods

DCFBA uses two spectrally separated fluorophores to study the association to li-
posomes. The use of two fluorophores to study intermolecular interactions was
first employed in f luorescence cross-correlation spectroscopy (FCCS) [12]. FCCS
measures temporal correlations of two fluorescent signals to determine the level of
coincidence. In addition to FCCS, several other techniques exist that do not use
temporal correlations but use coincidence or burst selection instead. One of these
techniques is confocal f luorescence coincidence analysis (CFCA), which uses a rela-
tively simple statistical algorithm to quantitatively compare the coincidence of the
bursts and uses this to measure the relative concentration of interacting particles
[37, 38, 39]. CFCA has been applied to measure DNA restriction enzyme activity
[37, 38] and to characterize quantum dots using a very similar experimental setup
as for DCFBA [39]. CFCA offers simplicity in analysis and faster data acquisition
than FCCS. The main difference between CFCA and DCFBA is that in the former
technique, the whole fluorescence trace is analyzed, whereas the latter uses an arbi-
trary offset to select the fluorescence bursts. In this context, two-color coincidence
detection (TCCD [40]), where offsets are applied to select the fluorescence bursts,
is rather similar to DCFBA.

With TCCD, the bursts in the two fluorescence channels are recognized using two
arbitrary offsets and the fraction of events that are coincident is calculated. TCCD
has been proven extremely sensitive, especially in the case of a low fraction of coin-
cidence or a high background and it has been used to study DNA hybridization [40]
and the activity of telomerase [41]. Interestingly, TCCD was recently used to study
the oligomerization of αβ-heterodimers of the T-cell receptor in the membranes of
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T-cells [42]. The main difference between DCFBA and TCCD is that with DCFBA a
single offset is applied to select liposomes that are labeled with multiple fluorophores,
whereas TCCD uses two offsets to study the fraction of coincidence between two flu-
orescence signals. DCFBA offers the advantage over TCCD that the distribution of
the ratios of coincidence is obtained, and not only the fraction of coincidence. This
is particularly useful in the case of a variable number of fluorophores, as is the case
for liposomes because of their heterogeneous size-distribution and encapsulation ef-
ficiency. DCFBA allows for determining the internal size-marker concentration in
the liposomes, with single liposome resolution.

2.5 Instrumentation

DCFBA can be performed on any dual-color confocal microscope where two spec-
trally different fluorophores can be separately detected. For the excitation, two
lasers [12, 17, 19] or two-photon excitation [38, 43] can be used, the latter offering
the advantage of simplified alignment. A high degree of overlap of the two focal
volumes of the microscope is essential, especially if the liposomes are smaller than
the focal volume. The focal volume can be below 1 fl and is equal to π

3
2 ω2

xyωz, where
ω2

xy and ωz are the lateral and axial radii of the confocal volume, respectively. The
bin-time td should be small enough to allow for detection of single events of lipo-
somes diffusing through the focal volume and hence should be smaller than ω2

xy/D,
or typically below 10 ms.

One of the main requirements for DCFBA is that the liposome concentration
is low enough to avoid detection of multiple events, i.e. the average number of
liposomes present at the same time in the focal volume should be well below 1. Since
the focal volume is typically smaller than 1 fl, the liposome concentration should be
lower than 1 nM. Assuming an average surface area per lipid of 0.7 nm2 (for 1,2-
dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC) [44, 45]) and a molecular weight
of 700 Da, a liposome with a radius of 200 nm consists of roughly 1 million lipid
molecules and has a molecular weight of 700 MDa. This means that the maximum
concentration of lipids for DCFBA is about 0.7 mg ml−1. In practice, DCFBA was
successfully applied to liposome concentrations ranging from 50 µg ml−1 to 1 mg
ml−1.
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Table 2.1: Fluorophore pairs suitable for DCFBA.

Lipophilic probe λex
a λem

b Size-marker probe λex
a λem

b

DiO 484 501 Alexa fluor 633 632 647
Cy5 647 665

DiD 648 670 Alexa fluor 488 495 519
Cy2 492 506

a Excitation wavelength in nm.
b Emission wavelength in nm.

2.6 Liposomes

The liposomes need to be labeled with for instance a lipophilic probe. Dialkyl-
carbocyanine dyes are fluorescent probes that mimic lipid molecules and consist
of a charged fluorophore conjugated to two acyl chains. They are available in a
range of colors, for example, DiO and DiD (Invitrogen, Carlsbad, CA, Table 2.1).
Other fluorescent lipid analogs are the NBD labeled phospholipids (7-nitro-2,1,3-
benzoxadiazole, λex = 465 nm, λem = 534 nm). In addition to fluorescent lipid
analogs, many fluorophores which are poorly soluble in an aqueous environment can
be used to label the liposomes. The lipophilic probe marker can be incorporated into
the liposomes by adding it to the lipid solution in organic solvent and prior to lipo-
some formation. Alternatively, because many lipophilic probes are poorly soluble in
an aqueous buffer, they can be added to the liposome suspension to auto-insert in
the membrane, although this may lead to staining heterogeneities and hence artifacts
in the measurements.

Each liposome should have a sufficient number of fluorescent lipid analogs to
allow for clear detection. On the other hand, the fluorescence signal should be low
enough to avoid any saturation of the detection system. The optimal amount of
lipophilic probe is strongly dependent on the lipid composition, most likely because
the fluorescence quantum yield is dependent on the microenvironment and the charge
of the lipid membrane. We use molar DiO or DiD to lipid ratios ranging from 1
: 40,000 (∼ 25 fluorophores per liposome) for liposomes composed of negatively
charged lipids, and up to 1 : 4,000 (∼ 250 fluorophores per liposome) for those
composed of zwitterionic lipids.

The size of the liposomes is found to be a non-critical parameter, and DCFBA
was even performed with whole Lactococcus lactis cells [19]. For this, GFP was
expressed as a leakage marker and the membrane was labeled with the fluorescent
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lipid analogue DiD. Thus, DCFBA can be used as an alternative to flow cytometry
and can be used to measure expression of GFP or leakage of fluorophores from cells
[46]. A general problem with the whole-cell assay was that the cells were labeled by
addition of DiD to the cell suspension, and this resulted in heterogeneities in and
among the samples. This led to a broad distribution and poor reproducibility of the
results and sensitivity of the assay was low. An alternative for membrane labeling
would be the tagging of an integral membrane protein with a red fluorescent protein
such as mCherry [47].

2.7 Size-marker molecules

One of the merits of DCFBA is that any molecule can be used as a leakage marker
that can be fluorescently labeled and encapsulated into the liposomes. They can
range from the smallest fluorophore available, NBD (164 Da), up to nm-sized quan-
tum dots. Two major conditions are: (i) The fluorescence of the size-marker does not
spectrally overlap with the fluorescence of the lipophilic probe. (ii) The size-marker
is not too hydrophobic (or strongly cationic when anionic lipids are used), such that
it (transiently) associates with the membrane. The latter can be easily checked by
adding (free) size-marker molecules to the liposome suspension and performing a
DCFBA measurement. We used the fluorescent lipid analog DiO and labeled the
size-marker molecules with either Alexa fluor 633 (Invitrogen, Table 2.1) or Cy5 (GE
Healthcare, Waukesha, WI). Alternatively, we used the fluorescent lipid analog DiD
in conjunction with Alexa fluor 488 or Cy2 [17, 19].

Fluorophore-labeled dextran molecules are commercially available in a wide range
of sizes, from 1 up to 2,000 kDa, and they are often used as size-markers to deter-
mine pore-sizes [48, 49, 50, 51]. However, with dextrans it is difficult to accurately
determine pore-sizes because: (i) dextrans are polydisperse and a particular sample
may have a broad distribution of molecular weights with a spread of typically ∼
50%, and (ii) in an aqueous solution, dextrans form ellipsoids with shortest radii of
∼ 2.0 nm and relatively independent of their size [52]. Therefore, soluble proteins
of known structure are a better alternative to dextrans for the determination of
pore-sizes. Proteins can be labeled with fluorophores at either specific or a-specific
positions. In particular, cysteines can be labeled using fluorophores conjugated to
thiol-reactive groups, such as maleimides or iodoacetamides. Since the number of
freely accessible cysteines in proteins is often limited, labeling at specific positions
can be achieved by engineering single cysteine mutants [9]. Alternatively, primary
amines (N-termini, lysines) can be labeled using fluorophores conjungated to amine-
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reactive groups, such as succinimidyl esters, N-hydroxysuccinimide (NHS)-esters or
isothiocyanates. Also, primary amines can be labeled with maleimides in a basic
environment (pH > 8) [17].

The presence of unlabeled size-marker molecules does not pose a problem for
DCFBA, because they cannot be detected and do not interfere with the measure-
ments. However, the presence of free label (unbound to a size-marker molecule) and
the presence of more than one label per size-marker molecule can affect DCFBA mea-
surements. To overcome these problems, an excess (> 10×) of protein relative to the
label should be used for the labeling reaction. In addition, unbound dye can be re-
moved from the size-marker molecules using size exclusion chromatography [17]. The
labeling efficiency can be determined by comparing the absorption of the protein to
that of the label (e.g. molar extinction coefficient ε = 73 cm−1 mM−1 for Alexa fluor
488 at 494 nm, and ε = 159 cm−1 mM−1 for Alexa fluor 633 at 621 nm). The tryp-
tophan and tyrosine absorption of the protein at 280 nm can be calculated using for
instance the ProtParam tool (http://www.expasy.org/tools/protparam.html)
[53]. Absorption of the dye molecules at 280 nm should be corrected for (ε = 76
cm−1 mM−1 for Alexa fluor 488, and ε = 30 cm−1 mM−1 for Alexa fluor 633).

2.8 Encapsulation

The same criteria as for the lipophilic probes apply to the number of size-marker
molecules which are encapsulated in the liposomes, and there should be a sufficient
number of molecules present to detect a significant signal but not too many to
avoid saturation. The encapsulation efficiency can be estimated from the fraction
of fluorescence bursts from the liposomes that do not have a coinciding fluorescence
burst from the size-marker molecules [17]. The encapsulation efficiency is typically
between 0 – 40% [17], but this is largely dependent on the surface charges of the
size-marker molecules, the lipid composition of the membrane, and the ionic strength
of the medium [54]. Generally, anionic molecules are encapsulated ∼ 10-fold more
efficient in liposomes composed of zwitterionic than of negatively charged lipids.
The concentration of the size-marker molecules needed for sufficient encapsulation
is thus dependent on the experimental conditions (size-marker, lipid composition,
buffer), but usually concentrations between 5 to 100 µM can be easily reached.

Encapsulation can be achieved using four different approaches: (i) The solution
of the size-marker molecules is mixed with the detergent-solubilized lipids. The
detergent is subsequently removed by adsorption to polystyrene beads (e.g. Bio-
Beads, Bio-Rad, Hercules, CA), dilution or dialysis [55]. (ii) The aqueous solution
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of size-marker molecules is added to the lipid solution in organic solvent which is
subsequently removed [56]. This method is not very suitable for the encapsulation
of proteins, since the presence of organic solvent denatures the macromolecules. (iii)
Encapsulation in the liposomes is obtained by rehydration of a dried lipid film with
the aqueous size-marker molecule solution [19, 57]. (iv) The size-marker molecules
are encapsulated by freeze-thawing of preformed liposomes. This method is espe-
cially useful in the case where the membrane pores are reconstituted in the liposome
[17]. In all approaches, multiple cycles of freezing the liposomes in liquid nitrogen
and subsequent thawing at temperatures between 20 – 100◦C greatly enhance the
encapsulation efficiency [54]. As all methods result in a heterogeneous population of
liposomes with many multilamellar structures, they need to be extruded through a
polycarbonate filter with defined pore-sizes, which results in unilamellar liposomes
of a more discrete size and increases the encapsulation efficiency [54, 58, 59, 60]. The
non-encapsulated size-marker molecules can be removed from the liposomes using
centrifugation (e.g. 300,000 ×g for 15 min) or size-exclusion chromatography.

2.9 DCFBA analysis

A DCFBA measurement results in fluorescent intensity traces from both the lipo-
somes and the size-marker molecules (Fig. 2.2a). The analysis is based on the iden-
tification of the fluorescence bursts originating from the liposomes diffusing through
the focal volume, using an arbitrary fluorescence offset Ioffset. The offset should be
high enough to allow for identification of liposomes passing through the focal volume
and to distinguish these events from the background noise. Since each liposome is
labeled with multiple (25 – 250) fluorophores, the bursts are of relatively high in-
tensity. We generally use values for the offset between 20 – 40% of the maximum
intensity, with lower values leading to more burst events but also to lower size-marker
/ liposome ratios (Fig. 2.2b). To allow direct comparison of two samples (e.g. closed
vs. open pores), the offset needs to be kept constant.

Given that the intensities of both the fluorescent lipid analog and the size-marker
molecules are linearly proportional to the number of fluorophores, the concentration
Ci of size-marker molecules inside the liposome can be calculated for each burst i:

Ci =

∫ t2
t1

Isize−markerdt(∫ t2
t1

Iliposomedt
) 3

2
, (2.1)

where Iliposome and Isize−marker are the fluorescence signals from the liposomes and
the size-marker particles, respectively, and Iliposome is above Ioffset between t1 and
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Figure 2.2: DCFBA measurements in liposomes loaded with Alexa fluor 633-labeled
glutathione. (a) Between t1 and t2, the fluorescent intensity of the liposome is above
the offset (dotted line) and the total intensities of both the fluorescent lipid analog
(upper panel) and the size-marker molecules (lower panel) are calculated for each
burst. The internal concentration of size-marker molecules in the liposomes can
now be calculated, using Eqn. 2.1. (b) The offset should be taken such that only
significant events from liposomes diffusing through the focal volume are taken into
account. A too low an offset results in lower average concentrations (•, dotted line,
right axis), since non-significant bursts are taken into account (�, solid line, left
axis), and a too high an offset results in poor statistics. (c) Histogram analysis of
liposomes loaded with 0 (�), 1 (◦), 5 (4) and 10 (H) µM of Alexa fluor 633-labeled
glutathione. Adapted from [17].
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t2. The 3
2 is a scaling factor because the fluorescent lipid analogs are associated

with the surface of the liposome, whereas the size-marker molecules are volume
encapsulated and they scale to the powers of 2 and 3, respectively [17, 19]. Since Ci

is a multiplicative parameter, it is a log-normal function [61]. Ci is in arbitrary units,
but is linearly proportional to the internal concentration. Using the fluorescence
per particle or a calibrant conversion factor for liposomes with a known internal
concentration of fluorophores, Ci can be converted to real units (Fig. 2.2c).

2.10 Fluorescence correlation spectroscopy

The same fluorescence trace can be used for both DCFBA and f luorescence correla-
tion spectroscopy (FCS). FCS is a well established technique to measure the con-
centrations and mobility of biomolecules and is based on the temporal correlation
of the fluorescent intensity trace [8, 11]. FCS can be used to calculate the diffusion
speed of liposomes and size-marker molecules. Because free size-marker molecules
move faster through the focal volume than those encapsulated in liposomes, FCS
can be also used to quantify leakage, using a two component fit (Fig. 2.3) [17]. The
disadvantage of FCS relative to DCFBA is that only information on the ensemble
average is obtained. Also, FCS is more sensitive to artifacts arising from big ag-
gregates of fluorophores, since these have a relatively large contribution to the final
correlation. In principle, FCCS [12, 62] can be used to determine the leakage of size-
marker molecules from liposomes too. However, in our experience, it is difficult to
use FCCS to quantify leakage from liposomes and the reproducibility and sensitivity
are relatively low, especially if a large fraction of the liposomes does not contain
size-marker molecules or active pores.

2.11 Laser-scanning DCFBA

For sufficient statistics on the population of liposomes, typically about 100 to 1,000
bursts should be recorded during a DCFBA measurement, depending on the hetero-
geneity of the sample. The diffusion constant of a 200 nm liposome is 2.3 µm2 s−1

[17], and this means that at a lipid concentration of 1 mg ml−1, the acquisition time
is at least 5 min and kinetic processes faster than this acquisition time cannot be
followed. However, the measurement time can be 10 to 100-fold decreased by stir-
ring or moving the sample [37]. Alternatively, the probe beams can be moved and
this approach was used to study the pore formation of cytolytic peptides in erythro-
cytes using a laser-scanning confocal microscope [50]. For a laser-scanning DCFBA
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Figure 2.3: FCS was used to determine the leakage through the MscL pore. Alexa
fluor 633-labeled bovine pancreas trypsin inhibitor (BPTI) was encapsulated in the
liposomes and the fluorescence autocorrelation was measured (◦, upper inset). Upon
opening of MscL (by labeling of Cys-22 at the constriction site of the pore with MT-
SET [63], �) and the release of BPTI, the movement of BPTI was no longer limited
by the liposomes (lower inset). Curves were fitted with a two component model
(solid lines), with a slow component attributed to size-marker molecules still encap-
sulated in the liposomes and a fast component corresponding to the free molecules.
The lower panel shows the residuals of the fit. Adapted from [17].
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measurement, two confocal images of the size-marker molecules and the liposomes
are simultaneously recorded (Fig. 2.4). To achieve less than one event per pixel,
the dwell-time of the laser-scanning should be smaller than ω2

xy/D (� 10 ms). Be-
cause confocal images contain both spatial and temporal information, the diffusion
of the liposomes and size-marker molecules can be obtained by a spatial-temporal
correlation of the images [64, 65].

Figure 2.4: Laser-scanning DCFBA. (a) Cartoon showing the setup for the scanning
of the probe beam in lateral x and y directions using two scanning-mirrors. (b) Close-
up of the detection volume. (c) Laser-scanning DCFBA measurement of a total area
of 100 × 100 µm, with a step size of 0.2 µm. The peaks indicate the fluorescent
signal from the liposomes and the size-marker molecules. (d) An enlargement of
some of the fluorescence bursts from panel c to indicate the overlap of the bursts.
(e) Comparison of DCFBA measurements on liposomes with encapsulated Alexa
fluor 633-labeled glutathione in the static (•, dotted line) and scanning (�, solid
line) mode. For both samples, ∼ 1,500 bursts were analyzed.

2.12 Results

The pore-sizes of the mechanosensitive channel MscL from E. coli and the antimi-
crobial peptide melittin from bee venom were determined using DCFBA. MscL is an
osmolyte pore protein that functions as a safety valve for the cell, opening upon a
decrease in the external osmolyte concentration and preventing cell lysis. It forms a
very large pore in the membrane with 2.5 to 4 nS conductivity [18]. We determined
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the effective pore-size of MscL reconstituted in DiO-labeled liposomes, using a range
of size-marker molecules (Fig. 2.5). A cysteine was engineered at the constriction
site of the pore (MscL G22C); this mutant is pushed open when the Cys-22 site
is labeled with a charged thiol-specific reagent [63]. For compounds smaller than
about 2 – 3 nm (proteins up to ∼ 7 kDa), the internal size-marker concentrations Ci

(Eqn. 2.1) shifted to lower values upon opening of MscL, indicating that these size-
marker molecules were able to pass through MscL, whereas for larger compounds no
change in Ci was observed [17]. The single liposome resolution of DCFBA was used
to estimate the reconstitution efficiency of MscL. Importantly, only about 50% of
the liposomes leaked their full content, whereas the others were not affected. This
indicated that about half of the liposomes did not incorporate a functional MscL
channel. Based on the protein to lipid ratio, we expected an average number of 10
MscL channels per liposome. Thus, the reconstitution efficiency was less than 10%,
and this number was in accordance with published data [17].

Melittin is a 26 residues lytic peptide that kills (bacterial) cells by autoinserting
into their membranes and forming pores [20, 66, 67]. We determined the effective
pore-size for various lipid compositions as a function of the melittin concentration
(Fig. 2.6). For neutral, bilayer-forming lipids, there was a positive correlation be-
tween the melittin concentration and the pore-size, whereas for negatively-charged
or non-bilayer forming lipids, the pore-size was independent of the melittin con-
centration and was at least 5 nm (Fig. 2.6a) [19]. In addition, melittin caused
membrane fusion or aggregation, which was observed as a decrease of the number
and an increase of the intensities of the fluorescence bursts. Importantly, the collec-
tive information from a DCFBA experiment enables to distinguish membrane fusion
from lysis. Treatment of the liposomes with the detergent Triton X-100 resulted
in the disappearance of the bursts and a total homogenization of the sample (Fig.
2.6b). The 10 – 100 µm-sized giant unilamellar vesicles (GUVs) have been proven
useful for studying lytic peptides and also allow to distinguish pore-formation and
fusion from lysis [67, 68]. Because of their large size, the leakage of size-marker mole-
cules from GUVs takes place in seconds to minutes timescale and can be followed
using fluorescence microscopy [67]. In addition, experiments with GUVs allow to
determine the effect of lytic peptides on the viscoelastic properties of the membrane
[68] that cannot be assessed with DCFBA. Compared to experiments with GUVs,
DCFBA offers the advantage of improved statistics, as generally 100 – 1,000 of lipo-
somes are measured. Moreover, for DCFBA sub µm-sized vesicles can be used that
are more stable and less tedious to handle than GUVs.

In principle, these results could also be obtained with alternative approaches,
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Figure 2.5: The effective pore-size of MscL. (a) DCFBA was performed on lipo-
somes with MscL reconstituted and the membrane labeled with the fluorescent lipid
analog DiO (�, solid line). After chemically opening of MscL (•, dotted line), the
internal concentration of Alexa fluor 633-labeled glutathione decreased due to leak-
age through MscL (inset). Because not all liposomes contained an active MscL
channel, there was still a large fraction of liposomes with glutathione encapsu-
lated and considerate overlap between the two histograms. (b) A number of size-
marker molecules was tested: Alexa fluor 633-labeled glutathione (1.4 kDa); insulin
(6.8 kDa); bovine pancreas trypsin inhibitor (BPTI, 7.6 kDa); HPr of the PEP-
dependent sugar:phosphotransferase system (10.2 kDa); thioredoxin (12.6 kDa); and
α-lactalbumin (15.3 kDa). The y-axis shows the relative concentration after opening
of MscL. Molecules smaller than HPr leaked out, whereas larger molecules did not
(no change in the average internal concentration upon opening of MscL, dotted line).
The error bars indicate the standard deviation. Adapted from [17].
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Figure 2.6: Pore-formation of melittin. (a) Melittin action depends on the lipid com-
position of the membrane. The C 1

2
values for leakage and fusion are shown, defined

as the melittin to lipid ratios where the average internal concentration of size-marker
molecules in the liposomes (bars) or the number of bursts (fusion) decreased 50%,
respectively. For liposomes composed of the zwitterionic DOPC, an increasing melit-
tin to lipid ratio is needed for leakage of larger size-marker molecules, whereas for
liposomes composed of the negatively charged DOPG, leakage is a-specific. As size-
markers, fluorophore labeled glutathione (GSH), bovine pancreas trypsin inhibitor
(BPTI), dextran (10 kDa) and α-lactalbumin were used. (b) Fluorescent intensity
trace of DiO-labeled DOPG liposomes (upper panel). At high concentrations, melit-
tin induces fusion of the liposomes, as is apparent from a decrease of the number of
peaks and an increase of the intensity per peak (center panel; melittin to lipid ratio
of 0.06). Addition of 1% (w/v) of Triton X-100 results in lysis of the liposomes and
diminishes all fluorescence bursts (lower panel). Adapted from [19].
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such as the calcein dequenching assay or techniques that involve a separation step
(see section 2.2). However, DCFBA offers three advantages: (i) Only ∼ 1 µg of
liposomes is needed for a measurement and therefore, many measurements can be
done with just one batch of liposomes. (ii) More importantly, information on the
population level of liposomes is obtained and not just the average extent of leakage
and this was used to determine the reconstitution efficiency of MscL [17]. (iii)
DCFBA can be used to discriminate between leakage, fusion and lysis in a single
experiment, as was shown by melittin induced fusion of liposomes [19].

2.13 Ligand binding

DCFBA can be used to study the binding of components to membrane proteins
reconstituted in liposomes. In this case, liposomes have to be prepared bearing
the fluorescently-labeled receptor and the ligand must be labeled with a spectrally
separated fluorophore. To have a limited background resulting from unbound ligand
molecules, the affinity should be high enough (< 0.1 µM). As fluorescence allows
single molecule detection, DCFBA is much more sensitive than binding assays based
on radioactivity (reviewed in [69]), and this makes DCFBA especially useful to study
systems with a high binding affinity. An advantage of DCFBA relative to other
fluorescence-based binding assays, such as FCCS and f luorescence resonance energy
transfer (FRET), is that single liposome resolution is obtained and this enables to
study the population distribution and oligomerization behavior.

DCFBA was successfully used to determine the binding of the Cy5-labeled SecA
ATPase to the Alexa fluor 488-labeled SecYEG protein channel of the protein secre-
tion system from E. coli ([70] for review, Fig. 2.7). The ratio of SecA over SecYEG
is obtained from the fluorescence bursts:

Ci =

∫ t2
t1

Iliganddt∫ t2
t1

Ireceptordt
. (2.2)

This equation is similar to Eqn. 2.1, apart from that no volume-surface normaliza-
tion is needed, since both receptor and ligand are associated to the surface of the
liposomes. By varying the concentration of unlabeled SecA, a binding constant of
4 nM was determined, in agreement with literature values [71]. This technique can
also be applied to study the oligomerization of the various components of the Sec
system or the interaction of proteins with the surface of the liposomes.
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Figure 2.7: DCFBA to probe binding of SecA to the membrane reconstituted Se-
cYEG complex. (a) DCFBA can be used to determine the binding between a
fluorophore-tagged ligand and a liposome associated receptor that is labeled with a
spectrally different fluorophore. (b) Upon binding, the fluorescence bursts of the re-
ceptor and the ligand overlap. Here, we present the binding of 10 nM of Cy5-labeled
SecA motor protein to the Alexa fluor 488-labeled SecYEG translocon from E. coli ;
the Alexa fluor 488 was on the SecY subunit (c) The histogram presents the ratio of
ligand to receptor from panel b (�, solid line, Eqn. 2.2). Upon addition of a 100-fold
excess of unlabeled SecA (•, dotted line), the ratio shifted to lower values.
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2.14 Concluding remarks

The fluorescence burst technique DCFBA enables to measure leakage of fluorophores
from liposomes. It is especially useful for studying membrane pores as one obtains
single liposome information. Measurements can be done with a small amount of
material (1 – 10 µg liposomes) and in a few seconds time span if the acquisition
is sped up using probe-scanning or sample stirring. Furthermore, one can distin-
guish between fusion / aggregation, lysis and pore-formation in a single experiment.
Binding to membrane proteins can also be measured with DCFBA, provided that
the interaction of binding partners is of sufficiently high affinity. DCFBA has been
proven useful to characterize mechanosensitive channel proteins [17] and antimicro-
bial peptides [19] and in the future we plan to use it to unravel the pore-formation
and channel properties of other proteins.
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