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Activation of Dynamin II by POPC in Giant Unilamellar
Vesicles: A Two-Photon Fluorescence Microscopy Study
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The interaction of dynamin II with giant unilamellar vesicles was studied using two-photon fluorescence microscopy. Dynamin II, labeled with fluorescein, was injected into a microscope chamber
containing giant unilamellar vesicles, which were composed of either pure 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine (POPC) or a mixture of POPC and phosphatidylinositol 4,5-bisphosphate
(PI(4,5)P2). Binding of the fluorescent dynamin II to giant unilamellar vesicles, in the presence and
absence of PI(4,5)P2, was directly observed using two-photon fluorescence microscopy. This binding was also visualized using the fluorescent N-methylanthraniloyl guanosine 5⬘-[␥-thio]triphosphate
analogue. The membrane probe 6-dodecanoyl-2-dimethylamine-naphthalene was used to monitor the
physical state of the lipid in the giant unilamellar vesicles in the absence and presence of dynamin.
A surprising finding was the fact that dynamin II bound to vesicles in the absence of PI(4,5)P2. Activation of the GTPase activity of dynamin II by pure POPC was then shown.
KEY WORDS: Dynamin; fluorescence; giant unilamellar vesicles; 1-palmitoyl-2-oleoyl-sn-glycero-3phosphocholine (POPC); N-methylanthraniloyl guanosine 5⬘-[␥-thio]triphosphate (mant-GTP␥S); two-photon
microscopy.

1. INTRODUCTION

(Fig. 1). These domains include an N-terminal GTPase domain (residues 1–300), a pleckstrin-homology (PH) domain that interacts with phosphatidylinositol lipids (residues 510–620) (Zheng et al., 1996; Salim et al., 1996),
a GTPase effector domain that stimulates dynamin GTPase activity (residues 620–750) (Muhlberg et al., 1997),
and a C-terminal proline-arginine–rich domain that targets dynamin to the clathrin-coated pit (Okamoto et al.,
1997; Shpetner et al., 1996) and binds to a subset of srchomology-3-domain–containing proteins (reviewed in
McPherson, 1999), negatively charged phospholipids
(Tuma et al., 1993), and microtubules (Shpetner and
Vallee, 1992). The self-association modes of dynamins I
and II and their mechanisms of GTP hydrolysis have been
investigated using ultracentrifugation and stopped-flow
fluorescence techniques (Binns et al., 1999, 2000).

Dynamins are closely related GTPases5 of ⬃100,000 MW
that are essential for receptor-mediated endocytosis and
synaptic vesicle recycling (reviewed in Hinshaw, 1999;
McNiven, 1998; Schmid et al., 1998; van der Bliek, 1999a,
1999b) and that have been implicated in Golgi (McNiven
et al., 2000; Jones et al., 1998; Cao et al., 1998) and caveolar trafficking (Henley et al., 1998; Oh et al., 1998). Two
forms of dynamin have been extensively characterized: a
neuron-specific form called dynamin I and a ubiquitously
expressed form called dynamin II. In neurons, which contain both forms of the enzyme, dynamin I is expressed at
⬃10-fold higher levels than is dynamin II. These two proteins have a similar organization of functional domains
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Fig. 1. Schematic diagram of the functional domains of dynamin.

Using fluorescence spectroscopy, Zheng et al.
(1996) determined that phosphatidylinositol 4-phosphate
(PI(4)P), phosphatidylinositol (4,5)-bisphosphate (PI(4,
5)P2), phosphatidylserine, and phosphatidylcholine (PC)
bind to the PH domain of dynamin with equilibrium dissociation constants of 1.8, 4.4, 47, and ⬎250 M, respectively. Using surface plasmon resonance, Salim et al.
(1996) found that the strength of binding of phospholipids
to the PH domain of dynamin was PI(4,5)P2 ⬎ PI(4)P ⬎
phosphatidylinositol (3,4,5)-trisphosphate (PI(3,4,5)P3).
Salim and coauthors also found that PC did not bind at all
to the PH domain of dynamin. However, when considering the ability of various phospholipids to stimulate the
GTPase activity of full-length bovine brain dynamin I,
Barylko et al. (1998) found that PC vesicles containing
PI(4,5)P2 were more potent activators of dynamin GTPase activity than vesicles containing PI(3,4,5)P3, which
were, in turn, more potent activators than vesicles containing PI(4)P. PC vesicles by themselves have not been
found to stimulate the activity of dynamin I, and phosphatidylserine vesicles activate dynamin through the proline-arginine–rich domain (Tuma et al., 1993).
To directly investigate the interaction of dynamin
with lipids, we used the approach of two-photon fluorescence microscopy coupled with giant unilamellar vesicles (GUVs). Simplified lipid systems, such as vesicles
and micelles, have been studied for several decades as
model membranes (Gennis, 1989). These vesicles may
vary in size (e.g., 100–800 nm in diameter) and heterogeneity (e.g., unilamellar or multilamellar). Recently,
GUVs have been prepared by the method of electroformation (Angelova et al., 1992). The fact that the GUVs
are of the same size as many cells (⬃5–100 ) and that
single vesicles can be directly observed under the microscope has led to an expanding interest in GUVs as model
membrane systems. During the last decade, the technique
of multiphoton spectroscopy–microscopy has been increasingly applied to lipid systems (Parasassi et al., 1997;
Yu et al., 1996; Bagatolli and Gratton, 1999, 2000a, 2000b,
2001; Bagatolli et al., 2000; Dietrich et al., 2001). The
combination of GUVs and two-photon fluorescence mi-

croscopy has proven to be a powerful approach for understanding lipid dynamics. Specifically, the intrinsic
sectioning effect of two-photon microscopy, in combination with the photophysical properties of the membrane probe 6-dodecanoyl-2-dimethylamine-naphthalene
(LAURDAN), has been used to detect and quantify lipid
domains in GUVs composed of various lipid mixtures
(Bagatolli and Gratton, 1999, 2000a, 2000b, 2001; Dietrich et al., 2001; Bagatolli et al., 2000, 2001). Until
now, the application of GUVs and two-photon fluorescence microscopy has been largely restricted to GUVs
containing only lipids. Recently, we extended these studies to observe the interaction of a lipid-binding protein,
dynamin, with GUVs.
Lin et al. (1997) also showed that dynamin II, purified from overexpressing Spodoptera frugiperda cells,
behaved similarly to dynamin I in terms of its activation
by phosphoinositides. Due to the ease in obtaining large
quantities of this recombinant enzyme, we decided to initiate our investigation of dynamin–GUV interactions
using dynamin II rather than dynamin I. Moreover, although dynamin II is expected to affect membrane morphology similarly to dynamin I given the percentage of
sequence identity between the two proteins, no reports
have appeared to show this similarity in function directly
using a simple reconstituted system. A surprising outcome of this research, described subsequently, was the
finding that dynamin II not only binds to pure PC vesicles but, unlike dynamin I, is enzymatically activated by
that neutral lipid. This result raises the possibility that
dynamins I and II, which participate in synaptic vesicle
recycling and receptor-mediated endocytosis, respectively, may be subject to different modes of regulation.
2. MATERIALS AND METHODS
2.1. Materials
LAURDAN and 5-iodoacetamidofluorescein were
from Molecular Probes (Eugene, OR). 1-Palmitoyl-2oleoyl-sn-glycero-3-phosphocholine (POPC) and PI(4,
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5)P2 were from Avanti Polar Lipids (Alabaster, AL).
Phospholipids were used without further purification.
N-Methylanthraniloyl guanosine 5⬘-[␥-thio]triphosphate
(mant-GTP␥S) (mant-GTP␥S) was synthesized and purified according to previously described methods (Remmers, 1998; Jameson and Eccleston, 1997).

2.2. Dynamin Preparation and Labeling
Dynamin II was obtained as described previously
(Lin et al., 1997). For protein labeling, 20 l of a 20-mM
solution of 5-iodoacetamidofluorescein in N,N⬘-dimethylformamide was added to 1.0 ml of 20-M dynamin II in buffer [20 mM N-(2-hydroxyethyl)piperazine-N⬘-(2-ethanesulfonic acid), pH 7.4; 300 mM NaCl;
5 mM MgCl2; 1 mM ethylenediamine tetraacetic acid;
and 0.2 mM phenylmethanesulfonyl fluoride]. The mixture was incubated in the dark at 4°C for 8 hr. After the
incubation dithiothreitol was added to the mixture (final
dithiothreitol concentration, 5 mM) and a 30-column
Bio-Rad Econopak was used to exchange the buffer. The
fluorescein-labeled protein was then dialyzed against the
same buffer to remove any residual free dye. The protein
concentration was determined by Bradford assay against
a bovine serum albumin standard. The absorbance of the
5-iodoacetamidofluorescein–labeled dynamin II was
measured at 492 nm, and the protein concentration was
determined using an extinction coefficient of 75,500 cm⫺1
M⫺1 at this wavelength. The dye to protein ratio was determined to be ⬃2.

2.3. GUV Preparation
The GUVs were prepared using the electroformation method (Angelova et al., 1992) in a homemade
chamber (see Fig. 2). Stock solutions of phospholipids
were made in chloroform (lipid final concentration, 0.2 mg/
ml). The following steps were used for vesicle preparation: (1) ⬃5 l of lipid stock solution were spread
(pure POPC or POPC/PI(4,5)P2,10:1 mol/mol) on each
Pt wire under a stream of N2. The chamber was placed
in a lyophilizer for 2 hr to remove the organic solvent
residues from the Pt wires; (2) the bottom part of the
chamber was sealed with a coverslip, and the chamber
was placed on an inverted microscope (Axiovert 35, Zeiss,
Thornwood, NY); and (3) Millipore water (17.5 M⍀/cm)
at room temperature was added to the chamber covering
the Pt wires. The Pt wires were then immediately connected to a function generator (Hewlett-Packard, Santa
Clara, CA) for ⬃90 min and a low-frequency alternating
current (AC) field (sinusoidal wave function with a fre-
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quency of 10 Hz and an amplitude of 2 V) was applied.
The vesicle formation was followed using a CCD color
video camera (CCD-Iris, Sony) mounted on the side port
of the microscope (Fig. 2). After 70 min, large numbers
of vesicles (vesicle mean diameter, ⬃30 m) were observed adsorbed to the Pt wire. The unilamellar vesicle
yield was high (⬃95%), which is in agreement with previous observations (Mathivet et al., 1996; Bagatolli and
Gratton, 1999, 2000a, 2000b). After the vesicles were
formed, the AC field was turned off and the experiments
were carried out at room temperature. Using this methodology, single vesicles (adsorbed to the Pt wire) can be
observed for relatively long times (these types of vesicles
are usually stable for more than 8 hr).
2.4. GUVs: LAURDAN Labeling and GP
Determinations
Generalized polarization (GP) is defined as follows:
GP ⫽ (IB ⫺ IR)/(IB ⫹ IR)
where IB and IR are the intensities in the blue and red
edges of an emission spectrum, respectively, using a
given excitation wavelength (Parasassi et al., 1990,
1991). This function allows quantification of the spectral
changes in the emission of a fluorophore as a consequence of environmental perturbation.
The amphiphilic LAURDAN molecule partitions
strongly into lipid phases (Parasassi et al., 1990, 1991).
When associated with phospholipid vesicles, the fluorescent moiety of LAURDAN is located at the glycerol backbone region of the bilayers (Parasassi and Gratton, 1995;
Parasassi et al., 1998; Bagatolli et al., 1999). The emission spectrum of LAURDAN shows a continuous shift
from blue to green during the main lipid phase transition,
namely, gel phase to fluid phase (Parasassi and Gratton,
1995; Parasassi et al., 1998; Bagatolli et al., 1999). In the
lipid gel phase, the emission spectrum of LAURDAN has
a maximum at 440 nm; in the fluid phase the maximum
is at 490 nm (Parasassi et al., 1990, 1991). This dramatic
spectral shift has been attributed to dipolar relaxation due
to reorientation of water molecules around the excited
state dipole of LAURDAN. As a consequence, the GP
function for LAURDAN is sensitive to the phase state of
the lipid, which determines the extent of water penetration; that is, the more fluid the bilayer, the more water is
present near the excited fluorophore (Parasassi and Gratton, 1995; Parasassi et al., 1998; Bagatolli et al., 1999).
One way to depict GP values in GUVs is to present a GP
histogram (Bagatolli and Gratton, 2000a, 2000b; Dietrich et al., 2001) in which the GP value of each pixel is
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Fig. 2. Schematic diagram of the two-photon microscope setup (A), two-photon sectioning effect (B), and GUV
formation chamber (C).
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determined and then used to construct a plot of fraction
of pixels with a given GP value versus the GP value.
For the LAURDAN experiments, vesicles were labeled as described previously (Bagatolli and Gratton,
1999, 2000a, 2000b). Briefly, ⬃1 l of a LAURDAN/
dimethyl sulfoxide stock solution was added to the chamber after vesicle formation. Typically, a final LAURDAN/
lipid ratio of 1:500 mol/mol was obtained. The GP function was calculated as previously reported (Parasassi et al.,
1997; Bagatolli and Gratton, 1999, 2000a, 2000b). Briefly,
two images of the same LAURDAN-labeled GUV were
obtained simultaneously using two optical bandpass filters (Ealing Electro-optics, Holliston, MA) with 46 nm
bandwidth and centers at 446 nm (IB) and 499 nm (IR).
Subsequently, the two intensity images corresponding to the
different filters were processed to calculate the GP image.

2.5. Addition of Dynamin II to GUVs
In all these experiments, a particular GUV was selected and centered in the two-photon excitation scanning
area. Next, a 0.5-m-diameter microneedle was placed
within ⬃5 m of the target GUV and dynamin II (labeled
or unlabeled dynamin; ⬃20 M stock solution) was added
using a microinjector. The typical addition volume was
65 femptoliters. Before the protein experiments, buffer
alone was injected close to the GUVs to evaluate the pos-
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sible effects of the change in the local ionic strength on the
structure and stability of the GUVs. In these control experiments, no changes in GUV structure were observed.
2.6. Two-Photon Fluorescence Microscopy
The scanning two-photon fluorescence microscope
has been described in detail elsewhere (So et al., 1995,
1996). A schematic of this instrument is shown in Fig. 2.
Briefly, the two-photon excitation source is a titanium–
sapphire laser (Mira 900; Coherent Palo Alto, CA) pumped
by a frequency-doubled neodymium–vanadate laser
(Verdi; Coherent). Scanning in both the x and y directions was achieved using a galvanometer-driven scanner
(Cambridge Technology, Watertown, MA) controlled by
a frequency synthesizer (Hewlett-Packard, Santa Clara,
CA). A 20-s frame rate was used to acquire the images
(256 ⫻ 256 pixels). We used a long working distance air
objective (Zeiss 20X LD-Achroplan, 0.4 N.A.) The pixel
size was determined using fluorescent label latex spheres
(14.4-m diameter) and corresponds to 0.52 m.
3. RESULTS
Figure 3 shows the images obtained after addition
of fluorescein-labeled dynamin II to GUVs composed of
POPC/PI(4,5)P2 10:1 mol/mol. These images, which

Fig. 3. Binding of fluorescein-labeled dynamin II to GUVs composed of POPC/PI(4,5)P2 ratio of 10:1 mol/mol.
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Fig. 4. Time course of the effect of dynamin II on LAURDAN-labeled GUVs (POPC/PI(4,5)P2 ratio of 10:1 mol/mol) before and after addition of
unlabeled dynamin II. Cross-sections close to the top part of the GUV were observed.

correspond to cross-sections through the center of two
different GUVs, clearly show fluorescence restricted to
the membrane border. Furthermore, the protein distribution on the membrane is not uniform and appears to
show patches of fluorescence in some areas on the vesicle surface. Figure 4 shows a time sequence of LAURDAN-labeled GUVs (POPC/PI(4,5)P2 10:1 mol/mol)
before and after addition of unlabeled dynamin II. In
this case, cross-sections close to the top part of the GUV
were observed. An increase in fluorescence intensity
with time, near the junction of two vesicles, is apparent.

To evaluate the effect of addition of dynamin II on
the physical state of the lipid in the GUVs, the GP of
LAURDAN was calculated before and after addition of
protein. As shown in Fig. 5, the resulting GP histograms
were essentially identical. Figure 6 shows the fluorescence due to mant-GTP␥S, in the presence of GUVs,
before and after addition of unlabeled dynamin II. As
can be seen in these images, the GUV border is not apparent until dynamin II is present. Figure 7 shows GUV
images from two different experiments on GUVs
formed from pure POPC (i.e., in the absence of
PI(4,5)P2), namely, addition of unlabeled dynamin II in
the presence of mant-GTP␥S (panel A) and addition of
fluorescein-labeled dynamin II (panel B). The effects of
POPC on the GTPase activities of both dynamin I and II
are shown in Fig. 8. These data clearly demonstrate
that these two dynamin isoforms respond differently to
POPC. The effect of pure POPC on the GTPase activity
of dynamin II was then studied in more detail, as shown
in Fig. 9. As can be seen, the GTPase activity is potently
stimulated by POPC vesicles; half-maximal activation
occurs at ⬃10 M phospholipid.
4. DISCUSSION

Fig. 5. LAURDAN GP histograms calculated for GUVs in the
absence and presence of dynamin.

Two-photon microscopy was used to monitor binding of the GTPase dynamin II to GUVs. Although dynamin II is known to interact with various lipids, the images presented in Fig. 3 are the first to directly visualize
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Fig. 6. Two-photon images of a field containing a GUV (POPC/PI(4,5)P2 ratio of 10:1 mol/mol) in the presence of mantGTP␥S before (A) and after (B) addition of unlabeled dynamin.

the binding of dynamin II to vesicles. The images shown
in Fig. 4 also clearly indicate that dynamin II affects the
vesicle morphology and the overall distribution of the
LAURDAN. Specifically, the results shown in Fig. 4
suggest that dynamin II binding to vesicles produces an
increase in the amount of LAURDAN-labeled lipid material in the scanned region, which increases the fluorescence intensity (note that the LAURDAN was homogeneously distributed before addition of protein). The fact

that the GP histogram does not change after the addition
of dynamin II indicates that the physical state of the lipid
phase is not significantly altered.
Previous studies using large unilamellar vesicles have
shown that anionic lipids are required for the dynamininduced vesicularization in the presence of GTP (Sweitzer and Hinshaw, 1998; Takei et al., 1998). Hence, an
unsuspected finding of the present work was the interaction between dynamin II and GUVs composed solely of

Fig. 7. Binding of dynamin II to GUVs formed from pure POPC (i.e., in the absence of PI(4,5)P2). A, Top view of a GUV
with unlabeled dynamin in the presence of mant-GTP␥S. B, Cross-section of GUV with fluorescein-labeled dynamin.
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Fig. 8. Effect of POPC on activation of dynamin I and II (37°C).

the neutral lipid POPC. Earlier reports from our laboratory (Barylko et al., 1998) and others (Salim et al., 1996;
Tuma et al., 1993; Zheng et al., 1996) showed that the
neural-specific form of dynamin—dynamin I—binds only
to liposomes containing negatively charged lipids, which
stimulate its GTPase activity. It was further shown that
both dynamin I and the ubiquitously expressed dynamin II
interact with phosphoinositides by virtue of their PH domains (Achiriloaie et al., 1999; Salim et al., 1996; Zheng
et al., 1996) and that this interaction is critical for the ability of dynamin to promote endocytosis in cells (Vallis
et al., 1999; Archiroloaie et al., 1999). Here we confirmed
that the GTPase activity of dynamin I is unaffected by
POPC liposomes, whereas dynamin II GTPase activity is
stimulated nearly twofold. It should be noted that dynamin
I, which has a 10-fold lower basal activity than dynamin
II, is stimulated to ⬃200 min⫺1 by PIP2.

Bagatolli, Binns, Jameson, and Albanesi
The region within dynamin II that is responsible
for interacting with POPC vesicles has yet to be identified. Based on data showing a direct interaction between the phospholipase C-␤ PH domain and neutral
lipids (Wang et al., 1999), the dynamin II PH domain
is a likely binding determinant. If so, the specific activation of dynamin II by POPC may seem surprising, in
view of the 84% sequence similarity (76% sequence
identity) between the PH domains of the two dynamin
isoforms. However, functional differences between dynamin I and II PH domains have already been shown.
For example, the introduction of dynamin I PH domain
into adrenal chromaffin cells blocks membrane retrieval after exocytosis, whereas introduction of the dynamin 2 PH domain has no effect (Artalejo et al.,
1997). Conversely, overexpression of the dynamin II
PH domain inhibits Golgi budding but is unaffected by
expression of the dynamin I PH domain (Yang et al.,
2001). These specific properties cannot be explained by
differences in affinities to phosphoinositides, because
the two PH domains bind equally well to these lipids
(Klein et al., 1998).
Finally, we have shown that the use of two-photon
fluorescence microscopy coupled with GUV methodologies can be used to study dynamin-lipid interactions. Present efforts are being directed toward developing an
assay for the vesicluarization activity of dynamin based
on these methodologies.
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