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Direct Visualization of Large and Protein-Free Hemifusion Diaphragms
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ABSTRACT Fusion of cellular membranes is a ubiquitous biological process requiring remodeling of two phospholipid bilayers.
We believe it is very likely that merging of membranes proceeds via similar sequential intermediates. Contacting membranes
form a stalk between the proximal leaflets that expands radially into an hemifusion diaphragm (HD) and subsequently open to
a fusion pore. Although considered to be a key intermediate in fusion, direct experimental verification of this structure is difficult
due to its transient nature. Using confocal fluorescence microscopy we have investigated the fusion of giant unilamellar vesicles
(GUVs) containing phosphatidylserine and fluorescent virus derived transmembrane peptides or membrane proteins in the pres-
ence of divalent cations. Time-resolved imaging revealed that fusion was preceded by displacement of peptides and fluorescent
lipid analogs from the GUV-GUV adhesion region. A detailed analysis of this area being several um in size revealed that peptides
were completely sequestered as expected for an HD. Lateral distribution of lipid analogs was consistent with formation of an HD
but not with the presence of two adherent bilayers. Formation and size of the HD were dependent on lipid composition and

peptide concentration.

INTRODUCTION

Fusion of biological membranes is important for intracellular
vesicular trafficking, tissue genesis, fertilization, and infec-
tion by viruses. For many fusion reactions it has been shown
that merging of membranes proceeds via similar sequential
intermediates (1). On close approach, membranes become
locally connected by formation of a stalk where proximal
leaflets are fused (2). Subsequently, the stalk is thought to
expand radially into an HD with the distal membrane leaflets
remaining separated (3,4). Finally, opening of a fusion pore
within the HD completes the fusion event. Recent studies
have shown that a variety of fusion proteins mediate fusion
via a hemifusion intermediate, for example viral fusion
proteins and SNARE proteins mediating fusion of intracel-
lular organelles (4—15). Although considered to be a key
fusion intermediate, direct experimental verification and
characterization of HDs between biological membranes
turned out to be difficult (16—18).

We have used a rather simple system to study experimen-
tally the displacement of membrane proteins from the adhe-
sion region of approaching and fusing membranes using
GUVs. The size of this vesicle type is very useful to visualize
the fusion process by optical (fluorescence) microscopy as
shown previously (19-22). We investigated the adhesion
and fusion of GUVs containing fluorescent transmembrane
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domains (TMDs) of fusogenic proteins in the presence of
divalent cations. To this end, we used tetramethylrhodamine
(Rh)-labeled synthetic low-complexity hydrophobic model
sequences (Rh-LV-Rh), that were designed to mimic the
TMDs of SNARE proteins (23,24), with a 16-amino acid
hydrophobic core of leucine and valine flanked by lysine trip-
lets (Rh-LLV16-Rh: Rh-KKKKWLLVLLVLLVLLVLLVL
KKKK-Rh; Rh-LV16-G8P9-Rh: Rh-KKKKWLVLVLVLG
PVLVLVLVKKKK-Rh) and a 28-residue peptide (Rh-HA)
corresponding to the TMD of influenza hemagglutinin (strain
A/Japan/305, Rh-BA-ILAIYATVAGSLSLAIMMAGISFW
MCSNKKK).

MATERIALS AND METHODS
Chemicals

Phospholipids and fluorescent lipid analogs were purchased form Avanti
Polar Lipids (Birmingham, AL) and used without further purification
(N-NBD-PE, DOPC, DOPE, DOPS). Solvents used for vesicle preparation
were of the purest available grade. Indium tin oxide (ITO)-coated glass slides
were supplied by Prizisions Glas and Optik GmbH (Iserlohn, Germany).

Peptide synthesis

Rhodamine tagged LV-peptides (Rh-LV-Rh) with a 16 amino acid-long
hydrophobic core of leucine and valine residues and flanked on both termini
by lysins (amino acid sequences: Rh-LLV16-Rh: Rh-KKKKWLLVLLVL
LVLLVLLVLKKKK-Rh; Rh-LV16-G8P9-Rh: Rh-KKKKWLVLVLVLG
PVLVLVLVKKKK-Rh) were synthesized by Boc chemistry (PSL, Heidel-
berg, Germany). The Rh-label was added by coupling of a Lys derivative
(Fmoc-Lys(Dde)-OH) to the C- and N-termini during synthesis. Reaction
of the peptide with 5-(and-6)-carboxytetramethylrhodamine succinimidyles-
ter (Invitrogen, Paisley, UK) yielded Rh-labeled peptides. Rh-HA, containing
28 amino acid residues of the TMD of HA (strain Japan/305/57, H2; Rh-
HA: Rh-GBA-ILAIYATVAGSLSLAIMMAGISFWMCSNKKK) was syn-
thesized using Fmoc-chemistry carried out on the TentaGel S RAM resin
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(0.25 mmol/g; Rapp Polymere, Tiibingen, Germany) using the multiple
peptide synthesizer (SYRO II; MultiSynTech GmbH, Witten, Germany).
The coupling reagent benzotriazol-1-yloxy)tripyrrolidinophosphonium hex-
afluorophosphate and N-methylmorpholine were used for activation and
Fmoc-deprotection was achieved with 20% piperidine in DMF. Dye-labeling
was achieved by coupling 5-(and-6)-carboxytetramethylrhodamine succini-
midylester at the N-terminus via a $-alanine by benzotriazol-1-yloxy)tripyr-
rolidinophosphonium hexafluorophosphate/N-methylmorpholine activation.
The C-terminal end is flanked by three lysine residues. The presence of
terminal lysines is a common approach to enhance the peptides solubility
and to promote an insertion into the membrane (25). Raw products were puri-
fied by preparative high performance liquid chromatography up to >90%
pureness measured by analytical high performance liquid chromatography
and the peptide identity was judged by mass spectrometry.

Preparation of GUV

GUVs were prepared by the electroformation method (26). Lipid mixtures
were made from stock solutions in chloroform. Finally, 100 nmol of lipids
were dissolved in 30 uL chloroform along with 1 mol % of N-NBD-PE or
1 mol % of the respective peptide dissolved in trifluoroethanol. The lipid/
peptide solution was spotted onto two ITO slides or two titanium plates
(27) that were placed on a heater plate at 50°C to facilitate solvent evapora-
tion, and subsequently put under high vacuum for at least 1 h for evaporation
of remaining traces of solvent. Lipid-coated slides were assembled with a
1-mm Teflon spacer. The electroswelling chamber was filled with 1 mL su-
crose buffer (250 mM sucrose, 15 mM NaN3, osmolarity of 280 mOsm/kg)
and sealed. An alternating electrical field of 10 Hz rising from 0.02 V to
1.1 V in the first 30 min was applied for 2.5 h at room temperature followed
by 30 min of 4 Hz and 1.3 V to detach the formed liposomes. Results were
independent of whether GUVs were prepared on ITO slides or titanium plates.

Reconstitution of HA into GUVs

HA of influenza virus X31 was reconstituted according to the procedure of
Papadopulos et al. (28). HA was labeled with TMR. See the Supporting
Material for details.

Fluorescence microscopy

GUVs containing Rh-labeled peptide or N-NBD-PE were mixed and then
added to glucose buffer (250 mM glucose, 11.6 mM potassium phosphate,
pH 7.2) with an osmolarity of 300 mOsm/kg at a ratio of 1:1 to 1:3. The
slightly hypertonic pressure allows originally spherical GUVs to undergo
shape changes, e.g., those associated with adhesion, due to an altered surface
to volume ratio (28). Confocal images of the equatorial plane of the GUVs
were taken with an inverted confocal laser scanning microscope (FV1000;
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Olympus, Hamburg, Germany) with a 60x (N.A. 1.35) oil-immersion objec-
tive at room temperature. Rhodamine and NBD were excited with a 543 nm
HeNe laser and the 488 nm line of an Ar-ion laser (Melles Girot, Bensheim,
Germany), respectively. The emissions of rhodamine and NBD were
recorded between 569 nm and 669 nm and between 500 nm and 510 nm,
respectively. To image the fusion kinetics a high resolution digital B/W
CCD camera (ORCA-ER, Hamamatsu, Herrsching, Germany) was used.
To trigger adhesion and fusion divalent cations were added from a 100 mM
stock solution by a syringe.

Fluorescence recovery after photobleaching

Fluorescence recovery after photobleaching measurements were carried out
with the same confocal setup as described above. See Fig. S4 of the Support-
ing Material for details.

RESULTS

GUVs were prepared from a mixture of unsaturated phospho-
lipids DOPC/DOPE/DOPS (3:1:1, mol/mol/mol) (Material
and Methods). This mixture resembles the major fraction of
phospholipids in intracellular membranes, in particular of
the Golgi, and in the cytoplasmic leaflet of the plasma
membrane of mammalian cells, the major sites for fusion
processes in the cell.

First, we studied the interaction of N-NBD-PE labeled
GUVs with GUVs containing Rh-LV-Rh peptides. Aggrega-
tion of GUVs was achieved at 2 mM Ca”" or Mg2+ (29,30).
When raising the Ca®* concentration to 6 mM, we observed
the following sequence of events (Fig. 1 and Fig. S1). An area
with significantly reduced fluorescence intensity emerged
within the region of the initial contact between two GUVs
~5 s after the increase of Ca”". The first image corresponding
to ¢ = O refers to the last snapshot before alterations of the adhe-
sion region between two GUVs were detected. A reduction of
fluorescence in the adhesion region is essentially caused by
sequestering of Rh-labeled peptides but also due to displace-
ment of N-NBD-PE (Fig. 2). A more detailed analysis (see
below) revealed that sequestering of TMDs is due to formation
of an HD. Magnification of this region shows that a structure of
rather high fluorescence intensity was formed at the rim of this
region that may correspond to transient enrichment of
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Sequence of fusion between GUVs made of DOPC/DOPE/DOPS (3:1:1, mol/mol/mol), containing either 1 mol % Rh-LLV16-Rh (indicated by

an arrow) or 1 mol % N-NBD-PE. Pairs of GUVs were imaged by fluorescence microscopy (rthodamine fluorescence) at 25°C. On addition of 6 mM Ca*"
fusion was monitored. The first image corresponding to ¢ = 0 refers to the last snapshot before alterations of the adhesion region between two GUVs were
observed. Magnifications of selected images are shown. Arrows indicate the dimension of the developing HD. Bright spot in the lower figure part corresponds
to fluorescent aggregates inside the large GUV. In the last image the GUVs disintegrate. Scale bar = 5 um.
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FIGURE 2 Fluorescence intensity of fluorescent lipid analogs in the
| contact region. (A) Expected fluorescence intensity of N-NBD-PE in
hemifused ' two separate bilayers membranes of adherent GUVs (left GUV labeled with N-NBD-PE
(green); right GUV with inserted peptide (red)). Intensity is shown
for two possible different structures of the adhesion region: (/) HD;
(IT) two separate adherent bilayers. Although no N-NBD-PE is found
in the peptide-containing GUV for /1, the outer leaflet of the peptide-
containing GUV becomes labeled by the lipid analog for /. However,
NBD intensity is reduced by ~50% due to FRET from NBD to Rh-
labeled peptides. (B and C) GUVs containing the peptide Rh-LV16-
G8P9-Rh (B) or Rh-HA (C) and N-NBD-PE labeled GUVs were
mixed. A total of 2 mM Ca®" or Mg>" were added to trigger adhesion
of GUVs. Distribution of (a) Rh-labeled peptide; (b) distribution of
N-NBD-PE; (c) overlay of a and b. Fluorescence intensity profiles
of (d) rhodamine and (¢) NBD. N-NBD-PE fluorescence intensity in
three different bilayer regions is given in (f). Region of the NBD-
labeled GUV outside the HD (intensity was set to 100%), HD, and
region of the peptide-containing GUV outside the HD. Differences
between B and C with respect to the relative intensities are due to
the different sizes of GUVs.

NBD fluorescence

a Rh-Lv16-GeP9-Rh b N-NBD-PEfiC

=h NBD fluorescence

o o0 o o 9 =
o VM B ®» ® o
F/

—O
=)
S

N-NBD-PE

=n NBD fluorescence

s ©o o o ©
[=] [\%) B [=;] [2]
F

sequestered molecules (Fig. 3). Finally, the diaphragm At 2 mM Ca®" or Mg?" GUVs attached but did not fuse
ruptures, very likely at the junction site of the three bilayers immediately or even remained unfused. Using these condi-
at the HD periphery and retracts to the other side (Fig. S1). tions we could visualize and quantify the distribution of
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FIGURE 3 Temporary enrichment of TMDs at the rim
of the forming HD. CCD camera images of the fusion

t=250ms

kinetic of Fig. 1 are presented in an intensity plot showing
the forming HD and its rim. On formation of the HD (see
fluorescence decrease in the forming HD (large open
arrow)) there is a temporary local fluorescence increase
at the rim of the forming HD (small solid arrows) as the
TMD gets sequestered. The small open arrow marks struc-
tures in the GUV not related to fusion. Note the large open
arrow in the intensity plots indicates also the direction of
view (from back to front).

t =500 ms

N-NBD-PE and Rh-LV-Rh within the area of contact that
was stable on a timescale of seconds to minutes (Fig. 2).
To mimic the TMD of a native fusogenic protein, we also
studied the peptide Rh-HA. For both types of peptides
we observed sequestering from the adhesion region. For
Rh-HA the peptide was sequestered in 77 of 91 cases
(85%). Because both LV- and HA-TMDs were sequestered,
displacement seems to be typical for TMD peptides and
not related to a specific sequence. In the remaining cases,
we found Rh-HA was not or only partially sequestered
(Fig. S2). When both contacting GUVs contained peptides
we also found contact regions with sequestered peptides
(see below and Fig. S3), but less frequently.

A contact region devoid of TMDs could be indicative of
an HD. To unravel the membrane organization in this region,
we quantified NBD fluorescence intensity. As illustrated in
Fig. 2 A, NBD fluorescence allows us to distinguish between
adhered, yet unfused bilayers and an HD. For hemifusion
we can identify two criteria. First, N-NBD-PE is expected
to redistribute to the outer leaflet of the peptide-containing
GUYV. Note that the intensity of N-NBD-PE in the outer
leaflet of the peptide-containing GUV is decreased by
Forster resonance energy transfer (FRET) to rhodamine
(acceptor). Second, as a consequence of lipid analog redistri-
bution in the outer but not in the inner leaflets between GUV's
the NBD fluorescence intensity in an HD should be about

two-thirds of that found outside of this region in the GUV
labeled originally with N-NBD-PE. On the other hand, if
the contact region still consists of two separate bilayers,
the NBD fluorescence in and outside this region would be
similar for the N-NBD-PE labeled GUV and N-NBD-PE
would not redistribute to the peptide-containing GUV (cf.
Fig. S2 A). The NBD intensity pattern of images in Fig. 2,
B and C, indeed suggests that an HD has been formed.
Further, peptide did not redistribute to the N-NBD-PE
labeled GUV, whereas we found N-NBD-PE labeling of
the GUV containing the peptide (N-NBD-PE fluorescence
is reduced by FRET). The latter would not be expected if
two bilayers would form an adhesion region.

Further evidence for the formation of an HD was obtained
by studying the contact region between Rh-HA containing
GUVs and nonlabeled GUVs (no N-NBD-PE present). To
GUVs forming a contact region with sequestered peptides
we added the short-chain lipid analog C6-NBD-PC that is
known to insert rapidly into the exposed, outer membrane
leaflet (Fig. 4 A, drawing). We found rapid labeling of both
GUV membranes except for the contact region (Fig. 4 B).
The intensity profile of the analog outside this region shows
that insertion of the analog was completed within ~1 min
(Fig. 4 Bc). Again, the NBD fluorescence in GUVs containing
the TMD peptides is lower due to FRET (Fig. 4 Bc). This
labeling pattern supports the existence of an HD because an
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FIGURE 4 Lipids in the outer leaflet cannot enter the HD. C6-NBD-PC was added to pairs of GUVs with sequestered Rh-HA peptides. After insertion of the
lipid analog in the outer leaflet, labeling of the contact region was studied by following the lateral distribution of the NBD fluorescence. (A) Sketch of C6-NBD-
PC localization. In case of HD formation no redistribution of the lipid analog to the HD is observed (/) whereas the adhesion region becomes labeled when it is
formed by two separated bilayers (/). (B) Lateral distribution of C6-NBD-PC observed by confocal fluorescence microscopy. () Images of a GUV pair before
addition of C6-NBD-PC (¢ = 0). From left to right: Differential interference contrast; distribution of C6-NBD-PC (green); intensity profile of NBD fluores-
cence; distribution of Rh-labeled peptide (red); intensity profile of rhodamine fluorescence; (b) distribution of C6-NBD-PC and (c) corresponding intensity

profile at various times after addition of C6-NBD-PC. Scale bar = 5 um.

adhesion region formed by two separate bilayers would be
rapidly labeled by lateral diffusion of analogs. Assuming
a typical lateral lipid diffusion rate of ~1 um?/s, an analog
would diffuse ~2 um/s, or migrate into a 10-um wide contact
region within 5 s. However, weak NBD fluorescence was
detected only after ~130 s in the HD. We surmise that slow
labeling of the HD is due to redistribution of the short-chain
analogs from the outer to the inner leaflet of GUVs caused
by peptide mediated perturbations of the bilayer and/or by
the membrane structure at the junction site of three bilayers
at the HD periphery. The fluorescence in the HD slowly
increased to a level comparable to that of the NBD intensity
in the peptide-free GUV outside this region. The latter obser-
vation argues also for the formation of an HD. If this region
would consist of two intact bilayers with only the outer leaflets
labeled, the final fluorescence intensity would be twice as
much as that observed outside this region. To verify that
labeling of the HD is due to redistribution of analogs to the
inner leaflet and not due to restricted diffusion of analogs
between two adhered intact bilayers we carried out fluores-
cence recovery after photobleaching measurements in the
equatorial plane of the GUVs after a constant fluorescence
of C6-NBD-PC in the HD has been reached. We found the
same recovery pattern in the HD and outside of this region
(Fig. S4) that would not be expected in the case of restricted
diffusion between two bilayers. Hence, neither the slow
labeling kinetics nor the final fluorescence intensity and the
lateral diffusion of analogs are compatible with the presence
of two intact separated bilayers in the adhesion region.

In another approach, we labeled the outer leaflet of Rh-HA
peptide-containing GUV's with C6-NBD-PC before allowing
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them to adhere. In the contact region of those GUVs both the
peptide as well as the lipid analog were displaced (see
Fig. S3). Again, the latter would not have been observed if
this region would consist of two intact bilayers. Only after
longer incubation we observed labeling of the HD by C6-
NBD-PC that very likely is due to redistribution of analogs
to the inner leaflet (see above). Both approaches gave the
same results for GUVs without peptide (not shown). Based
on these various observations, we conclude that the contact
region with sequestered peptides corresponds to an HD.

Growth of an HD is expected to decrease the total
membrane area, accompanied by a reduction of membrane
tension. This reduction of tension is observable as an increase
of the contact angle between GUV and coverslip (31). Indeed,
we found from Z-stack images (1 um slices) that the GUV-
coverslip contact angle for hemifused GUVs (83 £ 9)° was
much larger than for nonhemifused GUVs (35 + 14)°.

The size of the HD was dependent on the surface area of
GUVs. We found an almost linear increase of the surface
area of HD with that of the GUV pair (Fig. 5). Notably,
reduction of phosphatidylserine (PS) from 20 to 10 mol %
did not affect the linear dependence. Only in case that the
size of the two hemifused GUVs was very different we found
shallower dependence of HD size from that of GUVs (Fig. 5
and Table S1). For a more detailed analysis see Discussion.

We observed a dependence of the HD size on TMD peptide
concentration, i.e., for increasing peptide concentration we
found a decreasing HD size (Fig. S6). When the peptide
concentration was raised above 1 mol % we found only
occasionally formation of HD not sufficient for statistics. At
5 mol % we never observed HD formation (see Supporting
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FIGURE 5 HD area versus GUV surface area. HD area plotted against
the mean surface area of the two hemifused GUVs. (Solid symbols) GUVs
containing 20 mol % PS lipids. (Open symbols) GUVs with 10 mol % PS.
A shallower dependence was observed in case the size of the two hemifused
GUVs was very different (encircled, ratio of GUV diameters >4).

Material and Fig. S2 D). We surmise that the increased
amount of TMD in the membrane outside the HD produces
a 2D osmotic pressure pressing on the HD boundary thus
resisting HD growth. When GUVs were prepared without
DOPE we did not find any hemifused GUVs.

To address whether full length HA is also sequestered from
contact regions, we reconstituted HA into DOPC/DOPE/
DOPS (3:1:1, mol/mol/mol) GUVs containing 1 mol %
N-NBD-PE. We rarely observed sequestered HA on addition
of 2 mM Ca*" (Fig. 6). Unfortunately, at low pH conditions
known to trigger a conformational change of HA leading to
membrane fusion, we could not study the formation of HD
because GUVs became instable.

DISCUSSION

Due to their size GUVs are very useful to follow the fusion
process between membranes by light (fluorescence) micros-

FIGURE 6 Sequestering of full length HA from contact regions. HA was
labeled with TMR and reconstituted into GUVs made of DOPC/DOPE/

DOPS (3:1:1, mol/mol/mol), containing 1 mol % N-NBD-PE. On addition
of 2 mM Ca*" adhesion of GUVs and formation of regions depleted of
HA could be observed. (A) TMR-HA and (B) N-NBD-PE fluorescence.
See the Supporting Material for details. Scale bar = 5 um.
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copy. Recently, fusion between GUVs triggered either by
fusogenic substances or by electroporation has been studied
by using a high time resolution camera (32). The opening
kinetics of the fusion necks between GUVs was very fast
with an expansion velocity of centimeters per seconds. In
this study, we have investigated the organization of the
contact region between TMD peptide-containing GUVs
preceding divalent cation induced fusion. We observed that
this region can be formed by a microscopic visible structure
for which a sequestering of peptides as well as a significant
reduction of fluorescent lipid analogs was typical. Although
the structure was short-lived and followed by full membrane
fusion, at lower divalent cation concentration it was stable
and allowed us to investigate its organization by fluorescence
microscopy.

Displacement of TMDs from the contact region and
(re)distribution of lipid analogs between the contact region
and the remaining membrane provided strong evidence for
the formation of an HD. For GUVs labeled on both leaflets
with N-NBD-PE, a comparison of the fluorescence intensity
of lipid analogs between the contact region and the
membrane outside this region was consistent with hemifu-
sion but not with adhering nonhemifused GUVs (Fig. 2).
Obviously, lipid analogs of the outer leaflet, but not those
of the inner leaflet were sequestered from this region. This
was confirmed when membranes were labeled on the outer
leaflet with C6-NBD-PC after preparation of GUVs. On
adhesion, lipid analogs were sequestered from the contact
region (Fig. S3). Furthermore, we found that lipid analogs
externally inserted into the outer leaflet could not rapidly
enter the contact region as it would be expected if this region
would consist of two adhered bilayers (Fig. 4).

Based on these observations, we conclude that the contact
region with sequestered peptides correspond to an HD. In our
model system, sequestering of peptides was independent of
their amino acid sequence as well as secondary structure.
Whereas Rh-LLV-16-Rh display ~80% «-helical and ~20%
B-sheet structure, Rh-LV16-G8P9-Rh consist of ~20%
a-helical and ~80% (-sheet structure in membranes (33).
The Rh-HA peptide is essentially of «-helical structure
(J. Nikolaus and A. Herrmann, unpublished results).

The formation of such large HDs is remarkable. Whether
a stalk can expand to an HD has been the focus of many theo-
retical studies. HD growth increases the length of its rim
where monolayer curvature is large (2,4,34-36). This is ener-
getically unfavorable unless the lipid spontaneous curvature
is sufficiently negative to favor and drive HD growth
(2,4,36). This is consistent with our report here and previous
observations (21) that HD formation requires negatively
curved DOPE.

HD formation can also be driven by an external force pull-
ing on the diaphragm rim. Although this may be achieved by
specialized membrane proteins, it is not obvious that TMD
peptides could develop such a pulling force. Indeed, we
observed such large HDs also in the absence of peptides.

Biophysical Journal 98(7) 1192—1199
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We surmise that in our system HDs are formed by the
following reasons. First, the interaction of negatively
charged phospholipids with divalent cations crosslinks
GUVs leading to adhesion (21). Binding of Ca*" and
Mg>" to PS causes a shielding of the negatively charge
and the dehydration of headgroups (37,38) and, hence,
reduces repulsion between headgroups. Second, monolayer
studies revealed a 7.4% decrease of the DOPS surface area
on addition of Ca>" (38). A similar observation has been
made for PC bilayers on addition of Ca®" although surface
area reduction (5%) was less pronounced in comparison to
PS (39). Addition of Ca>" to PS bilayers also lead to a phase
change from the fluid to crystalline state and condensation of
the surface area (19,29,38,40). Because divalent cations can
only interact with the outer leaflet surface but not with the
luminal leaflet, surface area reduction is asymmetric (41)
and the surface area difference between both leaflets has to
be compensated to preserve stability of GUVs. This could
be achieved by formation of an HD. Taking into account
the molar fractions of phospholipids in GUVs (DOPC/
DOPE/DOPS (3:1:1, mol/mol/mol)) and the decrease of their
molecular area in the presence of Ca’" (38,39), the conden-
sation of the outer monolayer should be ~5.5% of total
membrane surface (because no data on DOPE were available
we assume the same reduction as for PC because PE and PC
are both zwitterionic lipids). The dependence of the HD size
on cation condensation of lipids would predict that the HD
size should increase with increasing surface area of GUVs
that was indeed the case. That PS is not the sole contributor
to surface condensation is sustained by the observation that
reduction of PS by 10 mol % did not affect within the error
of measurement the area of the HD (Fig. 5). Third, addition-
ally to the cationic component bilayer tension also drives
hemifusion and fusion (42). Our measurements show that
the relative surface area of HDs is ~8.7% of the mean surface
area of GUV pairs (Fig. S5 and Table S1). This is in good
agreement with the predicted reduction of the outer leaflet
by cation adsorption (5.5%) plus a contribution of membrane
tension driving HD growth (presumably in the range of the
remainders; J. M. Warner and B. O’Shaughnessy, Columbia
University, New York, personal communication, 2009).
Tension in our experiments results from the addition of
cations (43,44), from the adhesion of vesicle bilayers that
flatten against each other with their volume remaining
constant (45) and from adhesion with the substrate (31).
Membrane tension may strongly affect the fusion pathway.
Dissipative particle dynamics simulations for fusion events
of a vesicle with a planar membrane by Grafmuller et al.
(46) predict a variation of the adhesion time depending
strongly on tension (large tension, fast fusion; small tension,
large contact area and long adhesion times). Consistent with
this for variation of cation concentration and thus also a vari-
ation of tension (43) we find either rapid full fusion (Fig. 1
and Fig. S1) for high Ca®" concentration or stable adhesion
(Fig. S2 A) and hemifusion (Fig. 2 and Fig. 4) for low
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concentration of Mg>" or Ca®". Fourth, another mechanism
that can compensate for the excess of lipids in the outer
leaflet could be the formation of the bleb-like structures we
have observed close to the rim of the diaphragm.

Why are um-sized HDs not observed commonly in vivo?
Although we observed also microscopic HDs with seques-
tered full length HA reconstituted into GUVs, the situation
is different to viruses and cellular membranes. Membrane
proteins in biological membranes are much more densely
packed than in our model system. Merging of the contacting
leaflets requires sequestering even of those proteins that are
not involved in fusion. Sequestering might be energetically
unfavorable and interfere with expansion and even stability
of an HD. Indeed, we found that the presence of peptides
at higher concentration or in both attached GUVs signifi-
cantly reduced formation of HDs. Another factor could be
the interaction of membrane proteins with the membrane
cytoskeleton. Finally, an important conclusion of our work
is that formation of large HDs requires efficient mechanisms
to deal with outer leaflet lipids by for example reducing outer
leaflet surface area. As yet it is not known if such mecha-
nisms are available to cells.

SUPPORTING MATERIAL

Six figures and one table are available at http://www.biophysj.org/biophysj/
supplemental/S0006-3495(09)06000-7.
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