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ABSTRACT. A number of fluorescent probes have been used to follow membrane fusion events, particularly
intermixing of lipids. None of them is ideal. The most popular pair of probes is NBD-PE and Rh-PE, in
which the fluorescent groups are attached to the lipid headgroups, making them sensitive to changes in
the surrounding medium. Here we present a new assay for monitoring lipid transfer during membrane
fusion using the acyl chain tagged fluorescent probes BODIPY500-PC and BODIPY530-PE. Like the
NBD-PE/Rh-PE assay, this assay is based on fluorescence resonance energy transfer (FRET) between the
donor, BODIPY500, and the acceptor, BODIPY530. The magnitude of FRET is sensitive to the probe
surface concentration, allowing one to detect movement of probes from labeled to unlabeled vesicles
during fusion. The high quantum yield of fluorescence, high efficiency of FRET estimated to be

~60 A), photostability, and localization in the central hydrophobic region of a bilayer all make this pair

of probes quite promising for detecting fusion. We have compared this and two other lipid mixing assays
for their abilities to detect the initial events of poly(ethylene glycol) (PEG)-mediated fusion of small
unilamellar vesicles (SUVs). We found that the BODIPY500/530 assay showed lipid transfer rates consistent
with those obtained using the DPHpPC self-quenching assay, while lipid mixing rates measured with the
NBD-PE/Rh-PE RET assay were significantly slower. We speculate that the bulky labeled headgroups of
NBD-PE and especially Rh-PE molecules hamper movement of probes through the stalk between fusing
vesicles, and thus reduce the apparent rate of lipid mixing.

Monitoring intermixing or dilution of fluorescent lipids  presence of divalent cations, quenchers, and chemically active
between labeled and unlabeled vesicles has been an importardubstances8( 9). Another assay using acyl chain-attached
tool for revealing the molecular mechanism of membrane DPH,-PC () is devoid of these shortcomings, but uses a
fusion. It is believed that lipid mixing marks recognizable relatively high probe concentration (5 mol %) and is rather
steps in the fusion process: merging of the outer leaflets atphotosensitive. We introduce here a new lipid mixing assay
stalk formation and, to some extent, merging of the inner based on energy transfer between fluorescent probes BO-
leaflets accompanying fusion pore formation. Three types DIPY500 and BODIPY530 attached to the acyl chains of
of assays have been reported in the literature for membranephospholipids (PC and PE). For several reasons, BODIPY
lipid mixing based on changes of fluorescent probe signals, fluorophores are very attractive compared to other fluoro-
such as excimer formation,(2), fluorescence self-quenching phores used to label lipids (particularly NBD). First, the
(3—5), and fluorescence resonance energy transfer (FRET) hydrophobic character of BODIPY groups makes them stay
(6, 7). Among them, one can list an assay using fluorescencein a deeply buried position within the bilayet(), unlike
energy transfer between N-NBD-PE and N-Rh-PE and an the NBD group that loops back to the headgroup regidi. (

assay using excited-state complex formation of DPH-PC. second, the high fluorescence quantum yield provides a
FRET-based assays are currently the most popular assays
for monitoring lipid mixing. They are very sensitive, require  Abbreviat SUv —— los: BODIPYS30/
i 0 : i reviations: s, small unilamellar vesicles;

a low prqbe ConcentratlorE(l. "T‘°' ), Caqs.mg negligible 550 GzHPE, 2-(4,4-difluoro-5,7-diphenyl-4-bora-3a,4a-diaza-s-indacene-
pertgrbatlon Of. membrane lipid composition, and can be 3 jodecanoyi)-1-hexadecanaytglycero-3-phosphoethanolamif2BO-
monitored continuously. Nevertheless, the most frequently DIPY500/510 G»HPC, 2-(4,4-difluoro-5,7-diphenyl-4-bora-3a,4a-
used FRET pair (N-NBD-PE and N-Rh-PE) uses headgroup- dﬁa_s_lgﬂa;g&eE?-dOdecanﬁyg-1_hexaBdecﬁm%%C-ero_g[pr?OSpr?(){d

. L . choline; Rh-PEN-(lissamine rhodamine B sulfonyl)dioleoylphosphatid-
attached fluore_scent probe_s a_nd thus is sensmvg to environ Vlethanolamine; NBD-PE.N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)di-
mental properties such as ionic strength, hydration, and thegjeoylphosphatidylethanolamine; DFC, 1-palmitoyl-2-[2-4-(phenyl-
trans-1,3,5-hexatrienyl)phenylethyloxylcarbonyl]s3+phosphatidyl-
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strong fluorescence signal. This, along with the high FRET  FluorescenceAll fluorescence measurements were taken
efficiency of this particular pairl2), allows one to use low  on an SLM 48000 spectrofluorometer (SLM Instruments,
probe concentrations<(0.5 mol %) to monitor lipid mixing. Rochester, NY) using a focused 450 W xenon lamp (Ushio
Finally, BODIPY analogues are more photostable than NBD Inc.) and equipped with a modified, four-position, multi-
and DPH, which is important for long-term kinetic measure- temperature cuvette holder with constant stirring and operat-
ments. The results presented here indicate that BODIPY-ing in T-format. In all experiments, the total lipid concen-
labeled lipids can be used to obtain reliable and accuratetration was 0.2 mM. All measurements were taken at@3
quantitative measurements of lipid mixing without signifi- Probes (B500/530) were excited at 500 nm, and the emission
cantly perturbing the process they are intended to follow. intensity of the donor and acceptor was recorded in channel
By contrast, our results also show that the widely used A at 520 nm and in channel B using a 550 nm cutoff filter
N-NBD-PE and N-Rh-PE pair reports a reduced rate of lipid (Schott Glass Technologies, Duryea, PA), correspondingly.
movement compared to the rate of either of the chain-labeledLipid mixing values were based on the ratios of donor:

probes we examined. acceptor fluorescence as described in the Results. NBD was
excited at 460 nm, and emission was monitored in channel
MATERIALS AND METHODS A at 530 nm using 8 nm slits. Donor fluorescent intensity

was used for lipid mixing calculations using a standard
2-(4,4-Difluoro-5,7-diphenyl-4-bora-3a,4a-diaza-s- calibration. DPH was excited at 360 nm, and emission

indacene-3-dodecanoyl)-1-hexadecarmyglycero-3-phos- intensity was monitored at 430 nm with 8 nm slits.
phoethanolamine BODIPY530/550 GrHPE), 2-(4,4- Lipid Mixing Assays.For measuring the rate of lipid
difluoro-5,7-diphenyl-4-bora-3a,4a-diaza-s-indacene-3-dode- transfer during PEG-induced vesicle fusion, probe-containing
canoyl)-1-hexadecanowr-glycero-3-phosphocholine { vesicles were mixed with probe-free vesicles at a ratio of
BODIPY500/510 G-HPC), N-(lissamine rhodamine B  1:4. The appropriate amount of PEG solution was added,
sulfonyl)dioleoylphosphatidylethanolamine (Rh-PB}(7- and the change in fluorescence intensity due to probe dilution
nitrobenz-2-oxa-1,3-diazol-4-yl)dioleoylphosphatidyleth- was recorded. The percent of lipid mixing was calculated
anolamine (NBD-PE), and 1-palmitoyl-2-[2-4-(pherigdns- according to eq A4 using standard calibration curves for each
1,3,5-hexatrienyl)phenylethyloxylcarbonyl]<+phos- probe set obtained from measurements with vesicles contain-

phatidylcholine (DPHPC) were purchased from Molecular ing different probe concentrations. Thus, it was assumed that
Probes (Eugene, OR). Chloroform stock solutions of 1,2- 100% lipid mixing corresponded to a 5-fold dilution of the
dioleoyl-3snphosphatidylcholine (DOPC), 1,2-dioleoyl-3- probe.
sn-phosphatidylethanolamine (DOPE), and 1-stearoyl-2- Three different sets of fluorescent probes were used
oleoyl-3-snphosphatidylcholine (SOPC) were purchased (see structures in Figure 1). For the BODIPY assay, acyl
from Avanti Polar Lipids, Inc. (Birmingham, AL) and used chain-attached lipid probes BODIPY500-PC and BODIPY530-
without further purification. The concentrations of all the PE were used as the donor and acceptor, respectively,
stock lipids were determined by phosphate assi§).(  incorporated into probe vesicles at concentrations of 0.5 mol
Cholesterol (Ch) was purchased from Avanti Polar Lipids % each.
and was further purified as previously reported by Schwenk For the NBD/Rh assay, the FRET pair of probes NBD-
et al. (14). N-[Tris(hydroxymethyl)methyl]-2-aminoethane- PE (donor) and Rh-PE (acceptor) were used as introduced
sulfonic acid (TES) was purchased from Sigma Chemical by Struck et al. §). Probe vesicles were prepared with each
Co. (St. Louis, MO). Poly(ethylene glycol) with a molecular probe at 1 mol %.
weight of 7006-9000 (PEG 8000) was purchased from  For the DPHpPC assay, an acyl chain-attached lipid probe
Fisher Scientific (Fairlane, NJ) and further purified as DPH,PC was used as developed by Burgess etSiw(th
previously reported1s). Dodecyloctaethylene glycol mo- some modifications. In particular, instead of lifetime, we
noether (G:Eg) was purchased from Calbiochem (La Jolla, measured fluorescence intensity of the probe that changed
CA). All other reagents were of the highest purity grade during fusion due to dequenching, which then was converted
available. to a lipid mixing value using a standard calibration curve
Vesicle Preparation Small, unilamellar vesicles were (calibration curve not shown). The calibration curve was
prepared as described previously). Mixtures of different fitted by eq A5 (Appendix), and thie(4.03) value was used
lipids at appropriate molar ratios with or without the to calculate the percent lipid mixing. Probe vesicles contained
appropriate amount of fluorescent probes in chloroform were 5 mol % DPHPC.
dried under a stream of nitrogen. The dried lipids were Calculating the Foster DistanceThe Foster radius i)
dissolved in 1 mL of cyclohexane containing-2 drops of was determined from the overlap of donor emission and
methanol, frozen on dry ice, and lyophilized under high acceptor excitation spectra according to tfesker equation
vacuum overnight. The dried lipids were suspended in an (17):
appropriate buffer fol h atroom temperature. For SUV
preparation, the lipid suspension was sonicated for 10 min R, = 0.211f*n*QpJ()]™® 1)
using a Heat Systems (Plainview, NY) model 350 sonicator
equipped with a titanium probe tip 9.5 mm in diameter. where«? is a factor describing the relative orientation of the
Vesicles were fractionated by centrifugation at 70 000 rpm donor and acceptor transition dipoless the refractive index
for 25 min at 4°C using a Beckman TL-100 ultracentrifuge of the hydrophobic core of the lipid bilayef)p is the
(Palo Alto, CA). All vesicle samples were prepared in buffer quantum yield of donor fluorescence in the absence of
containing 100 mM NaCl, 1 mM EDTA, and 10 mM TES acceptor, and)(1) is the overlap integral expressing the
(pH 7.4). degree of spectral overlap between the donor emission and
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FiGure 2: (A) Excitation (— — —) and emission-{) spectra of

BODIPY500-PC and BODIPY530-PE incorporated into DOPC
SUVs at a concentration of 0.1 mol % in units relative to the
fluorescence at each peak. The overlap of emission spectra of
BODIPY500-PC (donor) and excitation spectra of BODIPY530-
PE (acceptor) is shown by the shaded area. (B) Emission spectra
of the BODIPY500-PC/BODIPY530-PE mixture in DOPC vesicles
at different surface concentrations (mole percent) of each probe as
indicated in the figure.

extinction coefficient of the acceptor to be 66 000'mM™*

at the absorption maximum of 540 nrhgj, we obtain an
FIGURE 1: Space-filling steric images of 1,2-dipalmitoylss R, value of ~60 A. _ _

phosphatidylcholine (DPPC) and fluorescent probes NBD-PE, Rh-  When the acceptor BODIPY530 is excited at 500 nm [near
PE, DPH-PC, BODIPY500-PC, and BODIPY530-PE with different the excitation maximum of BODIPY500 (512 nm)], the
atoms represe”te%'” light b'“el (hy?‘mgeh”)’ red (Oﬁygf”)k darkbb'ue emission spectra of these two probes are reasonably well
(nitrogen), green (boron), purple (phosphorus), and black (carbon). go 2 ateq (Figure 2A). The conventional equation for the

the acceptor absorption. The overlap integral was normalized€fficiency of energy transferlf) is
by the area of the donor emission spectrum:

o0 4

30 = j(; Fo(A)e(1)4" di 5 whereFpa andFp are integrated fluorescence intensities of

) = “c (1) dA @) the donor in the presence and absence of the acceptor,
fO D respectively. Here it is important that any contribution of

) o o the acceptor be removed from tlea value. Our assay
wheree(4) is the extinction coefficient of the acceptor and measure&qonat 520 nm, where the entire signal comes from

Fo(4) is the fluorescence of the donor. Equation 1 is valid if gopipys00. We measur&ac (from the donor in the
the wavelength is expressed in nanometers and the extinctionyesence of the acceptor) with a filter that collects intensity
coeflflment is in units liters per mole per centimeter M ainly above 560 nm. This includes some contribution from
cm). donor fluorescence. Thus, obk./Fqon is related to but not
RESULTS equal toE in eq 3. The advantage of this method is that
both measurements can be made simultaneously on a
Characterization of a New FRET Lipid Mixing Assd)e T-system fluorometer to yield a quantity unrelated to the
emission and excitation spectra of BODIPY500-PC and concentration of membranes in a sample but still related to
BODIPY530-PE incorporated into DOPC small unilamellar the efficiency of energy transfer and thus to the concentration
vesicles are shown in Figure 2A. As one can see, there is aof probes in the membranes. The small contribution of
significant overlap between the emission band of BO- acceptor fluorescence E..does not affect our lipid mixing
DIPY500-PC and the excitation band of BODIPY530-PE assay, because we used a calibration curve that includes this
(shaded area in Figure 2A). From this, we can expect to seecontribution (see below).
efficient fluorescence resonance energy transfer (FRET) Emission spectra of the BODIPY500-PC/BODIPY530-PE
between this donor/acceptor pair. We used thesteo mixtures in DOPC vesicles at different surface concentrations
equation 17) (see Materials and Methods for details) to of the probes are shown in Figure 2B and indicate both
estimate the Fwster distance for the BODIPY500-PC and efficient FRET and high sensitivity of the FRET to the
BODIPY530-PE donor/acceptor pair. If one takes the surface probe concentration range that was examined. It is
orientation parametes to be?/; (randomized orientations),  worth noting that donor and acceptor emission peaks are well
the quantum yield of the donor to be 0.952), and the separated. This provides an opportunity to record not only
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Ficure 4. PEG-induced fusion of SUVs composed of PC, PE, and
Ch [2:1:1 (v)], PC and PE [3:14)], DOPC @), and SOPCH).
Ficure 3: Calibration of BODIPY500-PC/BODIPY530-P®) and Representative kinetics of lipid mixing at 5 wt % PEG are shown.
NBD/Rh-PE @) fluorescence in DOPC vesicles. Vesicles were PEG was added to the mixture (1:4 ratio) of probe-containing
prepared with different concentrations of the probes at a 1:1 ratio vesicles (0.5 mol % BODIPY500/530) and probe-free vesicles. The
to yield spectra as shown in Figure 2B. (A) Conventional calibration total lipid concentration was 0.2 mM.

curves plotted as the FRET efficiency vs probe surface concentra-

tion. (B) Donor to acceptor fluorescence ratio as a function of the \,ambrane hvdration. sin ing PE 10 wt % di
lipid:probe ratio. The data are well fitted by a single-exponential embrane hydration, since adding G up to 10 wt % did

equation (see eq A5) in the range of 0-@R5 mol %, as shown. not affect _the Fahbrat'on curve. . .
The calibration data for the Rh/NBD pair are shown in
Figure 3B for comparison. This curve has a shape similar to
the decrease in donor fluorescence but also the increase irthat for the BODIPY pair, but the slope (or sensitivity to
acceptor fluorescence as the probe surface concentrationthe probe concentration change or the extent of lipid mixing)
increases. is smaller.

The dependence of FRET efficiency on the surface density Expressing the calibration curve as shown in Figure 3B
of the donor and acceptor is shown in Figure 3. The not only allows for a single calibration constant but also
conventional way of representing FRET efficiency versus produces two additional benefits. First, the assay sensitivity
probe surface concentration (Figure 3A) suggests fairly is increased because the donor fluorescence increases (loss
efficient energy transfer for the BODIPY pai®], as the of quenching) while the acceptor fluorescence decreases (loss
donor fluorescence is quenched significantly at a low probe of FRET) with the decrease in probe surface concentration
concentration (0.5 mol %). The calibration curve for the Rh/ during fusion. Second, the use of this ratio makes the signal
NBD pair (a) showed less energy transfer, which could be intensive; i.e., it does not depend on the total amount of probe
a result of a shorteR, or the different probe localization. in the cuvette. To further ensure a calibration curve in terms
BODIPY-labeled probes are localized closer to the middle of absolute values independent of instrument setup, we
of the bilayer, while Rh and NBD are in the lipid headgroup normalized the FRET ratio by dividing it by the ratio
and thus at the membrane surface. This makes it difficult to obtained after adding detergent to the sample. Third, dividing
calculate the Feter distance for the BODIPY pair from  two fluorescent signals reduces signal noise due to scattering
Figure 3A because we do not know how energy transfer from large particles in an inhomogeneous sample.
between opposite monolayers contributes to the total energy Application of the New FRET Assay to Measurements of
transfer. Lipid Mixing RatesUsing the calibration parameter derived

We have also plotted the calibration curve in another way, in Figure 3, we were able to record the kinetics of PEG-
using the ratio of donor to acceptor fluorescence instead ofinduced lipid mixing between SUVs (Figure 4). To obtain
just donor fluorescence in the presence and absence of thénitial rates of lipid mixing from such data, we fitted time
acceptor (Figure 3B). As one can see, in this presentation,courses such as those in Figure 4 with a straight line (slow
the data are fitted well with a single exponential in the range lipid mixing), or single or double exponentials (intermediate
of probe surface concentration from 0.05 to 0.5 mol % (see and fast rates of lipid mixing). The initial rates of lipid mixing
eg A5 in the Appendix). To make a quantitative estimation were then calculated using the best-fit parameters. The rates
of the extent of lipid mixing, one should use calibration of lipid mixing between SOPCH), DOPC @), DOPC/
curves for the lipid:probe ratio as a function Bfo/Facc as DOPE [3:1 @)], and DOPC/DOPE/Ch [2:1:1%(] vesicles
shown in Figure 3B, making it easy to estimate the extent were in the following order: DOPC/DOPE/Ch DOPC/
of lipid mixing from eq A6. In this interpretation, we need DOPE > DOPC > SOPC. We have recently reported that
only the exponential parametiefrom the calibration curve.  the abilities of these vesicles to fuse, as judged by the extent
From our results for DOPC vesicles (Figure 3BWwas 3.7, of contents mixing, were also in this ord&0j. Figure 5A
and it did not vary significantly around this value for vesicles shows the initial rate of lipid mixing as a function of added
of different compositions (within 10%) (see Table 1). The PEG concentration for these four vesicle systems. Remark-
calibration parameters were also insensitive to changes inably, we found a significant rate of lipid mixing in DOPC/

Lipid/Probe ratio
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Ficure 5: PEG-induced fusion of SUVs made of PC, PE, and CH
[2:1:1 (v)], PC and PE [3:14)], DOPC @), and SOPCM) asa  thjs molecule is remarkably similar in shape (see Figure 1)

function of PEG concentration. (A) Initial rates of lipid mixing. . . . .
(B) Extent of lipid mixing measu(re)d after incubatior?for 5 mign. and packing propertie2g) to unlabeled phosphatidylcholine.

Errors in the rates or extents of lipid mixing obtained from repeats 10 Make a careful, quantitative comparison, we had to
with a single vesicle preparation were usually4®. Variations calibrate both these probe systems in the same vesicles used

between preparations were somewhat larger (see Figure 6). for the BODIPY probe pair. The Rh/NBD calibration curve

was well fitted by eq A5 (in the Appendix). The fitting
DOPE/CH and DOPC/DOPE vesicles at PEG concentrationsparametek (4.44) was used for calculation of percent lipid
just sufficient to induce aggregation{3 wt %) even though  mixing.

DOPC/DOPE vesicles did not show significant contents Like the BODIPY assay introduced here, the Rh/NBD

mixing until 3-5 wt % PEG g0). . . assay is also based on energy transfer between probes, but
Due to the difficulty of measuring the fluorescence lifetime | .iike the BODIPY assay, the Rh and NBD probes are

of DPHpPC, we have in the past made only one major study 4itached to lipid headgroups of NBD-PE and Rh-PE (Figure
of the kinetics of PEG-mediated lipid mixing%, 22), being 1) The DPHPPC assay is based on an increase in probe
content other_tlmes_wnh monitoring the extent of lipid mixing  f1,0rescence lifetime during fusion, since DPH undergoes a
after some fixed time. To compare this approach to the gimerdependent excited-state rearrangement that leads to
kinetic approach, we show in Figure 5B the PEG profile for 1,5 rapid excited-state decag4j. Like the BODIPY

the extent of lipid mixing in terms of values after incubation probes, the DPH moiety in DPHpPC is attached to an acyl
for 5 min. It is clear from comparing panels A and B of = chain (Figure 1). Figure 6 shows the dependence of the initial
Figure 5 that using the BODIPY probe pair to monitor the 46 of |ipid mixing on PEG concentration as reported by
kinetics of lipid mixing provides a much more sensitive VieW {nase three different assays. Surprisingly, not all of these

of the fusion process than we can obtain using the single- roqjts were consistent. While the BODIPY and DPH probes
point assay that we have often used with the DPHPPC probe, g, very similar results (BODIPY rates oni21%/s slower

especially at low PEG concentrations. For example, lipid {54 DPHpPC rates across the PEG profile), the rates
mixing between SOPC vesicleM)was barely perceptible  gpained with the NBD-PE/Rh-PE pair were roughly 6-fold
at 5wt % PEG even up to 300 s (Figure 4), yet the rate of q),\yer 4t low PEG concentrations than those obtained with
lipid mixing between these vesicles could be conveniently e two other probes. As a result, the thresholds of lipid
compared to that for more fusogenic vesicles (Figure 5). The exchange also differed remarkably, being 2 wt % PEG for

BODIPY500-PC/BODIPY530-PE pair, along with the com- DPHpPC or the BODIPY pair and 4 wt % PEG for the NBD-
position-independent calibration curve shown in Figure 3B, rp, pair.

makes such initial rate measurements routinely possible. It

is next appropriate to ask whether this probe pair can reportpiscussioN

accurately the movement of normal lipids or whether the

presence of bulky fluorophores causes the behavior of the The ideal probe for use in lipid mixing assays should (1)

probes to be significantly different from that of normal lipids. provide a strong, stable fluorescent signal in the visible range,
Comparison with Two Other Lipid Mixing Probe Systems. (2) not be affected by changes in the water environment,

Since it is impossible to compare the behavior of this new (3) mimic the shape and behavior of the membrane lipids

lipid mixing probe system with the behavior of unlabeled so as not to distort bilayer structure, (4) provide a signal

lipids, we set out to compare it with the behavior of the most sensitive to its surface concentration that behaves as an

widely used lipid-mixing probes that are actually phospho- intensive quantity, and (5) not perturb the process it is used

lipid molecules, Rh-PE and NBD-PE. We also sought to to measure. The BODIPY assay presented here meets all of

compare the behavior with that of the probe that we have these requirements. The BODIPY fluorophore is known to

used for some time to monitor lipid mixing, DPHpPC, since be photostable and intensely fluorescent with an extremely
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high quantum yield{0.95) when located in the hydrophobic of these molecules (Figure 1). What we can see clearly is
core of a bilayer 12). It has the largest excitation and that DPHpPC is almost indistinguishable from an unlabeled
emission wavelengths among currently available phospho-DPPC molecule. BODIPY500-PC and especially BO-
lipid-labeled probes, which should minimize light scattering DIPY530-PE are slightly cone shaped and probably would
in inhomogeneous samples. The BODIPY moieties are fairly show a negative spontaneous curvature. But in the case of
hydrophobic groups located at the end of acyl chains (Figure NBD-PE and especially Rh-PE, bulky fluorescent groups
1), which means they should stay buried inside the mem- attached to the headgroups should give these two lipids
brane, inaccessible to hydrophilic perturbants in the aqueousdistinctly positive intrinsic curvatures. This is confirmed in
medium. Thus, the calibration parameters for the BODIPY the case of Rh-PEB). We know that positively curved lyso-
pair did not change with lipid composition (Table 1) or in PC inhibits fusion even at a concentration as low as 1 mol
the presence of PEG (up to 10%). The chain location of the % (26, 27). So it would be reasonable to suggest that these
fluorescent moieties of the BODIPY probes means that the lipid probes would also affect fusion. It is also possible that
perturbing influence of the fluorophore will be felt in the probe diffusion through the first fusion intermediate could
center of the bilayer, and this should be easily accommodatedbe suppressed even without affecting fusion rate. Specifically,
at a low probe concentration by the chain disorder in this it is possible that the stalk intermediate, with a very high
region. The high FRET efficiency (see Figures 2 and 3) and negative curvature of the contacting leafle®8)( would
high quantum yield of BODIPY-labeled lipids make the use provide a substantial free energy barrier for movement of
of low probe concentrations<(0.5 mol %) feasible. None-  probes with positive intrinsic curvatures, especially since they
theless, the best probe in terms of mimicking a lipid should would be moving from vesicle outer monolayers having a
be DPHpPC, whose DPH group looks like the continuation slight positive curvature. This could offer a substantial
of a normal acyl chain (Figure 1). Unfortunately, DPHpPC additional free energy barrier to the diffusion of NBD-PE
must be used at a fairly high concentration to make its and especially Rh-PE between fusing membranes. This
fluorescence lifetime sensitive to its membrane concentration.means that the stalk structure should inhibit movement of
For any assay of lipid mixing, it is important that the probe probes having large fluorescent moieties attached to their
that is used not be transferred spontaneously betweenpolar headgroups but would not inhibit and perhaps even
vesicles. This can be checked simply by incubating the probewould favor movement of probes with a negative intrinsic
and empty vesicles in the absence of stimulus (PEG). In our curvature. The BODIPY probes introduced in this paper both
experiments, the extent of this type of spontaneous probeshould have negative intrinsic curvatures and thus partition
transfer was estimated to be below 1@6/s. Upon aggrega-  favorably into the connecting cis leaflets of the stalk structure.
tion, the extent of probe transfer should be much higher andWe tried to test whether inhibition of lipid mixing by
can result from fusion as well as from an increased level of Rh/NBD-PE was linked to inhibition of fusion using the
transfer though the thin water layer between juxtaposed Tb/DPA contents mixing assay in the presence of the
bilayers in aggregated vesicles. We can estimate the rate ofRh/NBD-PE and BODIPY pairs. Unfortunately, we found
intervesicle transfer between closely juxtaposed bilayers fromthat Th/DPA fluorescence was significantly qguenched in the
our measurements on SOPC SUVs at 3 wt % PEG. presence of Rh/NBD-PE. We will pursue this issue soon with
Aggregation definitely occurs under these conditions as doesother lipid molecules having molecular shapes similar to the
fusion of more fusogenic vesicles. The rate of BODIPY- those of the Rh-PE and BODIPY probes.
labeled lipid transfer between SOPC vesicles in the presence On the basis of the arguments and observation presented
of 3 wt % PEG was less than 0.001%/s. This is much slower here, the ability of a lipid probe to report lipid mixing
than transfer seen during fusion of DOPC/DOPE/Ch vesicles associated with fusion of pure lipid bilayers is expected to
at the same PEG concentration (1%/s). If it is assumed thatdepend on the intrinsic shape of the lipid molecule. A recent
the spontaneous intervesicle transfer rate does not depengbaper R9) provides a quantitative comparison of lipid mixing
on vesicle composition, then the contribution of spontaneousassociated with protein-mediated biomembrane fusion as
probe transfer to lipid mixing between fusogenic vesicles detected by different probes. This paper examined the
(such as DOPC/DOPE/Ch) is negligible. chronological relation between the establishment of lipid
While the occurrence of intervesicle lipid transfer during continuity (detected using self-quenching of different lipid
the fusion process should be easily followed by a variety of dyes) and fusion pore formation (detected by conductivity
probes, a lipid probe used for monitoring the kinetics of lipid measurements) during hemagglutinin-induced fusion of HA-
mixing should move between vesicles in a manner that expressing cells to a planar lipid bilayer. According to this
mimics the behavior of unlabeled lipids. Since there is no report, fusion pores always formed before detectable amounts
way to monitor intervesicle movement of an unlabeled probe, of Rh-PE moved from the bilayer to a cell. However, the
we have compared our new BODIPY assay with the popular relationship of fusion pore formation and lipid dye movement
assay based on FRET of the NBD-PE/Rh-PE pair and with was reversed when Dil (1,1-dihexadecyl-3;B3tetrameth-
our assay based on excited-state dimerization of DPHpPC.ylindocarbocyanine perchlorate) was used as the lipid probe.
We reasoned that if all three assays gave comparable resultsThe authors explained the more rapid movement of Dil than
it would verify all three. The fact that the BODIPY500/ of Rh-PE in terms of the fact that Dil readily flip-flops
BODIPY530 assay and the DPHpPC fluorescence dequenchbetween monolayers of a bilayer membrane whereas Rh-PE
ing assays were consistent with each other but both disagreedloes not 80). On the basis of our results, there is another
with the NBD-PE/Rh-PE FRET assay was quite unexpected possible explanation, namely, that the bulky labeled head-
and caused us to ask the following: what is so different about group of Rh-PE (see Figure 1) hampers movement of probes
these probes that they should produce inconsistent results?hrough the stalk between fusing membranes, and thus
The answer to this question lies, we believe, in the structure reduces the reported rate of lipid mixing. The restricted
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transfer of the Dil probe between HA-induced fusing cells  Substituting eq A5 into eq A4, we have
has been widely reporte@1—33) and suggested to be due
to HA proteins forming a ring around the initial fusion
intermediate and thus restricting lipid redistribution between
two hemifused membranes. Our results do not challenge this
proposal but do demonstrate that the rate of lipid probe Thus, for quantitative determination of L&J{ we need only
movement through the initial fusion intermediate can reflect the exponential parametérobtained from the calibration
the physical properties of both the probe and the intermediatecurve. To obtain the initial rate of lipid mixing from

as well as the presence of the fusion protein machinery. measured time-dependent fluorescence traces, we simply
differentiate eq A6 with respect to time, with the only time-
dependent quantity being the measufragh/Facc

LM(t) = %-{ ek[(Fdor/Facé—(Fdor/Facao] -1} (A6)
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