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Abstract: The mechanism by which dianions of dipicolinic acid (DPAZ?") induce fusion of didodecyldimethylammonium bromide
(DDAB) vesicles has been investigated. Labeling of the DDAB bilayers with fluorescent probe molecules indicates that the
alterations in the hydrophilic head group region are essential for fusion to occur. An isothermal phase transition in the vesicle
bilayer is not a prerequisite for fusion. The effect of binding of DPA?" to the vesicles causes a blue shift in the emission spectrum
of one of the membrane-associated probes and a concomitant increase in the fluorescence quantum yield. These results together
with the increase in fluorescence polarization are interpreted in terms of dehydration of the bilayer-water interface by DPA?"
and an increase in the lateral packing of the DDAB head groups. Since these effects already occur below the DPA? aggregation
threshold concentration, a subsequent process appears to be required to initiate the actual fusion event. The possible formation
of a specific “trans” (interbilayer) dianion~-DDAB complex is discussed. Monitoring the kinetics of fusion as a function of
temperature with a membrane fusion assay based on resonance energy transfer shows that the vesicles have a low tendency
to fuse below the phase transition temperature (17 °C) although a transient increase in the fusion rate is observed around
the pretransition temperature (7 °C). DDAB vesicles appear to be most susceptible to fusion when the bilayers are in an

overall fluid state.

In many respects, vesicles prepared from simple synthetic
surfactants mimic the properties of vesicles prepared from synthetic
or natural phospholipids.! Thus, insight into the dynamic al-
terations in aggregate morphology and membrane structure of
these surfactant vesicles can result in a better understanding of
comparable processes occurring in natural membranes.®?
Membrane fusion is an essential and ubiquitous event in numerous
physiologically relevant processes.* Hitherto, investigations aimed
at clarifying the molecular mechanisms underlying membrane
fusion have been mainly performed with (phospho)lipid vesicles
as model membranes.® It has been proposed®®S that lipid head
group dehydration, as a result of cation (e.g., Ca®*) binding, may
play an essential role in the eventual induction of membrane fusion
by lowering the repulsive hydration forces’ between two apposed
bilayers. Once dehydration and close bilayer apposition have been
established, local fluctuations in lipid packing may create “point
defects” at the site of vesicle interaction, thus leading to membrane
merging.

Recently, we have demonstrated® that fusion of vesicles prepared
from the synthetic, positively charged amphiphilic didodecyldi-
methylammonium bromide (DDAB) can be induced by the di-
anion of dipicolinic acid (DPA?"). Remarkably, fusion of DDAB
vesicles is restricted to vesicles with a diameter of at least 3000
A, smaller vesicles only possessing the ability to aggregate. Most
interestingly, however, the two distinct steps in fusion, i.e., (i)
vesicle aggregation, resulting in close apposition of the membranes,
and (ii) the actual fusion event, involving (local) bilayer desta-
bilization, can be readily distinguished in this surfactant vesicle
system, as the threshold DPA?- concentration required to induce
these processes is 15 and 30 um, respectively. This observation
provides a unique opportunity to investigate the fusion mechanism,
since membrane alterations induced by DPA?" during vesicle
aggregation, which, therefore, could be relevant to the actual fusion
mechanism, can be examined under carefully controlled experi-
mental conditions. Furthermore, in contrast to phospholipids, the
molecular structure of the synthetic amphiphiles is readily
amenable to chemical modification, thus providing a tool to
systematically alter the properties of membrane packing and the
bilayer/water interface. Such alterations, when carried out in
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a controllable manner, will be of great advantage to improve the
insight into the fundamental mechanism of processes such as
membrane fusion.

In this work we have examined the mechanism of DPA?™-in-
duced fusion of DDAB vesicles by investigating the effect of anion
binding to DDAB bilayers on the fluorescence properties of
membrane-associated 8-anilinonaphthalene-1-sulfonate (ANS)
and diphenylhexatriene (DPH) as a function of the DPA? con-
centration. Since the apolar probe DPHS is intercalated in the
hydrophobic part of the bilayer, whereas ANS?® binds to the
membranes in the region of the polar head groups, a possibility
was provided to monitor potential membrane alterations, induced
by DPA?, both at the level of the bilayer/water interface and
the bilayer interior. The results indicate that the DDAB head
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groups become dehydrated upon binding of DPA?", which occurs
prior to vesicle aggregation. It is shown that the actual fusion
susceptibility is conferred to the vesicles during vesicle aggregation.
Membrane fluidity is only marginally affected by anion binding
and it appears that the vesicles are most prone to fusion when the
bilayer is in a fluid or a perturbed crystalline state.

Experimental Section

Materials. Didodecyldimethylammonium bromide (DDAB) was
purchased from Eastman Kodak and crystallized twice from acetone.
N-(7-nitro-2,1,3-benzoxadiazol-4-yl)phosphatidylethanolamine (N-
NBD-PE) and N-(lissamine Rhodamine B sulfonyl)phosphatidyl-
ethanolamine (N-Rh-PE) were obtained from Avanti Polar Lipids Inc.
Diphenylhexatriene (DPH) and 8-anilinonaphthalene-1-sulfonate (ANS,
Mg?* salt) were bought from Aldrich and Pierce, respectively. Di-
picolinic acid (DPA) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) were from Sigma Chemicals. Picolinic acid was obtained
from Fluka, sodium sulfate from Baker and p-toluenesulfonic acid from
Janssen Chimica. All chemicals were of the highest grade available.

Vesicle Preparation. DDAB vesicles of various sizes were prepared
by ultrasonication and the ethanol injection procedure, as described
elsewhere.® Briefly, vesicles with an average diameter of ca. 3000 A
(defined hereafter as large vesicles) were prepared by injecting an eth-
anolic solution of DDAB (0.87 M) into 2 mL of alua bidest under
stirring. Vesicles with an average diameter of ca. 2000 A (small vesicles)
were prepared similarly, except that the final DDAB concentration in
ethanol was 0.29 M, while, in addition, they were sized to the desired
diameter by extrusion'? through 0.2-um Unipore polycarbonate mem-
branes (Bio-Rad). Part of this vesicle suspension was sonicated, using
a Branson cell disrupter (20 min, 40 W, temperature 20 °C) to generate
sonicated vesicles with an average diameter of ca. 500 A.

ANS- and DPH-labeled vesicles were prepared by adding small ali-
quots of an ANS (in ethanol) or DPH (in tetrahydrofuran) stock solution
to the vesicle suspensions, to give a DPH:DDAB ratio of ca 1:11 000 and
an ANS:DDAB ratio of ca 1:120. The effect of THF in the vesicle
solution (0.05% (v/v)) can be neglected.!! The vesicle solutions were
allowed to equilibrate for 1 h at room temperature.

Fusion Measurements. Vesicle fusion was monitored continuously with
the resonance energy-transfer assay.>$®2  Vesicles containing 0.8 mol
% each of N-NBD-PE and N-Rh-PE were prepared as described above,
by solubilizing appropriate amounts of DDAB and fluorophores in eth-
anol. Fusion measurements were carried out in HEPES buffered solu-
tions (pH 6.0) with equimolar amounts of labeled and nonlabeled DDAB
vesicles as previously described.> After equilibration at the desired tem-
perature (see legends) fusion was initiated by adding the appropriate
(di)anion with a Hamilton syringe. Fusion was monitored continuously
by following the relief of energy transfer between N-NBD-PE and N-
Rh-PE as the two probes dilute upon merging of a labeled and an unla-
beled vesicle bilayer. As a measure of fusion, the increase of N-NBD-PE
fluorescence, which increases linearly upon dilution, is measured. The
excitation and emission wavelength were set at 475 and 530 nm, re-
spectively. The fluorescence scale was calibrated such that the zero level
corresponded to the initial residual NBD fluorescence of the labeled
vesicles and the 100% level (infinite dilution) to the fluorescence obtained
after addition of Triton X-100 (1%(v/v), final concentration), corrected
for sample dilution and the effect of the detergent on the NBD fluores-
cence quantum yield.®®

Fluorescence Measurements. The fluorescence measurements were
performed on a Perkin-Elmer MPF-43 spectrofluorometer equipped with
a thermostatically controlled cell holder, a magnetic stirring device, and
a polarization accessory. ANS fluorescence was measured at an exci-
tation wavelength of 380 nm, while DPH was excited at 360 nm. For
fluorescence polarization measurements the emission wavelengths were
465 (ANS) and 428 nm (DPH). The degree of fluorescence polarization
(P)'? was calculated according to the equation

P=L -1, /I,+1,
where I, and I are the fluorescence intensities detected with the po-

larizers oriented parallel and perpendicular, respectively, to the direction
of polarization of the excitation light, with a correction factor’* for I,
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Figure 1. Modification of ANS fluorescence properties upon interaction
of DPA? with small (A) and large (O0) ANS-labeled DDAB vesicles as
a function of the DPA% concentration: (A) wavelength of the ANS
emission maximum, Ay,,; (B) relative increase of the fluorescence in-
tensity (1) at the emission maximum; (C) ANS fluorescence polariza-
tion, P. [DDAB] = 55 uM, [ANS] = 0.47 uM, the pH of the incubation
medium was 6.0, and the incubation temperature was 25 °C.

to account for the intrinsic polarization of the instrument.

Electron Microscopy. Aliquots of DDAB vesicles, before or after
induction of fusion, were stained with a 1% (w/v) solution of uranyl
acetate, as previously described.”® The samples were examined in a
Philips EM 300 electron microscope, operating at 80 kV.

Results and Discussion

Properties of the DDAB Bilayer/Water Interface. Asshown
previously,’ large DDAB vesicles readily fuse upon addition of
DPA? dianions, while the smaller vesicles do not respond beyond
the stage of bilayer aggregation. To investigate whether vesicle
size dependent differences in the surface properties of the DDAB
bilayers could explain this remarkable distinction, ANS-labeled
vesicles were prepared which were subsequently incubated with
various concentrations of DPA?", At each concentration the
following parameters were determined for both the small and large
DDAB vesicles: (i) the wavelength of the ANS-emission maxi-
mum (A.); (ii) the fluorescence intensity of this maximum,
relative to the fluorescence intensity obtained at the emission
maximum in the absence of DPA?" (I,,)); (iii) the ANS fluores-
cence polarization value (P). The results of these measurements
are summarized in Figure 1. In the absence of DPA?", the
ANS-labeled DDAB bilayers possess a polarity comparable to
that of methanol, which agrees well with a location of the fluo-
rophore in the bilayer/water interface. A similar result was
obtained for artificial membranes composed of phospholipids. !¢
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Figure 1 shows that binding of DPA? results in a blue shift of
Aem from 478 to 464 nm and from 474 to 461 nm for small and
large vesicles, respectively. This reflects in both cases a polarity
change of the ANS microenvironment comparable to a change
from a methanol to a n-propyl alcohol solution.® Concomitantly,
the relative fluorescence intensities increased by a factor of 1.8-1.9
for the large vesicles and approximately 1.5~1.6 for the smaller
ones.!” The decrease in bilayer surface polarity with increasing
DPA? concentration suggests that the environment of the polar
DDAB head groups becomes more hydrophobic, most likely be-
cause of a DPA?"-induced displacement of part of the bound water
molecules. Furthermore, it appears that the efficiency of
DPA”-induced dehydration is slightly more effective for the larger
vesicles than for the smaller ones. This conclusion is based on
the observation that the ANS emission maxima are shifted to lower
wavelengths for the larger vesicles with a relative higher en-
hancement of the fluorescence intensity. A more substantial
distinction between large and small DDAB vesicles became ap-
parent when determining ANS fluorescence polarization as a
function of the DPA* concentration. At low DPA? concentrations
(3-5 uM) the bilayer /water interface of the large DDAB vesicles
displayed a sudden increase in the fluorescence polarization, with
a threshold anion concentration of 3.5 uM. Remarkably, at similar
DPA?* concentrations, and when the vesicle size dependent am-
phiphile concentration available for DPA?" interaction is taken
into account, small DDAB vesicles were essentially not affected.
For the latter type of vesicles the fluorescence polarization in-
creased at higher DPA®" concentrations, showing a threshold
concentration of 12 uM, while the polarization change displayed
a much lower degree of cooperativity than that observed for the
larger vesicles.

The above results indicate that a certain amount of water tightly
bound to the amphiphilic head groups in the larger vesicles is
readily removable. As this first hydration layer'® follows the global
movements of the head group,'® the motions of the ANS molecules
will be directly affected as reflected by an increase in molecular
ordering near the amphiphilic polar head group region. Appar-
ently, for the smaller vesicles, the first hydration layer is more
tightly bound and consequently a higher DPA?" concentration is
required to perturb the primary hydration shell. Thus a per-
turbation of the less strongly bound hydration shell, adjacent to
the primary hydration shell?® may then explain why at lower
DPA? concentrations the emission maximum and fluorescence
intensity (Figure 1, parts A and B) are affected without a con-
comitant effect on the fluorescence polarization. These binding
characteristics are similar to the interaction of ions such as Mg?*
and Na* with large negatively charged phospholipid vesicles, which
causes vesicle aggregation without disrupting the most tightly
bound hydration shells surrounding the phospholipid head groups
and the ions remain in the “trapped” water region of the lamellar
phase.”®1%:21 Tt is possible that this distinction between the
tightness of bound water of small vs. large vesicles arises from
the lower degree of DDAB head group ionization for the large
vesicles, which, as outlined previously,’ may be expected to exist
in order to accommodate the amphiphilic molecules in a bilayer
structure with a relative small curvature.?

The observed abrupt increase in ANS fluorescence polarization
in case of the large vesicles can be interpreted as an increase in
head group packing density. This can be rationalized in terms
of a reduction in the area per DDAB molecule in the head group

(17) On the basis of the increase in quantum yield with polarity, however,
an increase in fluorescence intensity with a factor of ca. 3 would be expected.’
Presumably, ANS and DPA?" compete for the same binding sites, which
results in a reduced binding of ANS to the DDAB vesicles.
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four water molecules: Kumano, A.; Kajiyama, T.; Takayanagi, M.; Kunitake,
T.; Okahata, Y. Ber. Bunsenges. Phys. Chem. 1984, 88, 1216.
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Figure 2. Effect of the fusogenic anions SO, (A) and p-toluenesulfonate
(O) on the fluorescence properties of large ANS-labeled DDAB vesicles
as a function of the anion concentration: (A) wavelength of the ANS
emission maximum, Ap,,; (B) relative increase of the fluorescence in-
tensity (Z,,) at the emission maximum; (C) ANS fluorescence polariza-
tion, P. For comparison, the data obtained for DPA% (O) were included.
In C, the effect of the nonfusogenic anion of picolinic acid (¢) on ANS
fluorescence polarization is also shown. [DDAB] = 55 uM, [ANS] =
0.47 uM, pH 6.0, and the incubation temperature was 25 °C.

region’?? upon binding of DPA?". A reduced inter-head group
electrostatic repulsion in the presence of the anion may be invoked
to explain this result. In addition, subsequent dehydration as a
result of anion binding will further decrease the repulsive inter-
head group interactions.”™

It is important to note that for both small and large vesicles
the threshold DPA?" concentration for the occurrence of aggre-
gation is ca. 13 uM, while the threshold concentration for fusion,
which is only observed for the large vesicles,’ is ca. 30 uM. This
implies that for the large vesicles all the DPA?"-induced changes
as shown in Figure 1 take place before the DPA?" threshold
concentration for aggregation has been reached. Hence, the main
alterations at the bilayer/water interface are induced on individual,
not-aggregated vesicles. It follows that these alterations are
apparently not sufficient to induce instantaneous fusion of the
bilayers, once they were brought into close proximity when the
DPA? concentration is raised above the aggregation threshold
concentration (i.e., =13 uM). Thus, additional structural changes
in the bilayer are required before the actual fusion event is ini-
tiated.

As far as the small vesicles are concerned, ordering of the head
group region was also indicated, but now the process occurred
during aggregation rather than prior to this event. It is relevant
to note that as bilayers approach one another, their structures can
change,’ and, hence, the increased ordering may be accomplished
in a manner different from that observed for the large vesicles.

(23) Cullis, P. R.; De Kruijff, B.; Hope, M. J.; Verkleij, A. J; Nayar, R.;
Farren, S. B,; Tilcock, C.; Madden, T. D.; Bally, M. B. In Membrane Fluidity
in Biology; Aloia, R. C., Ed.; Academic: New York, 1983; Vol. I, p 39.
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Furthermore, a much lower cooperativity was observed for the
smaller vesicles, indicating that relatively few neighboring mol-
ecules underwent the head group packing alterations simultane-
ously. This could imply that if such areas would be involved as
fusion intermediates, the local surfactant concentration might be
too low to provide a surface area large enough for the putative
fusion sites to form?®* (see below). It was of interest, therefore,
to examine whether similar changes in ANS fluorescence prop-
erties could be induced by other fusogenic anions,? such as those
of p-toluenesulfonic acid (pTSA) and Na,SO,. In addition, the
interaction of the nonfusogenic® anion of picolinic acid (PA) with
ANS-labeled DDAB bilayers was investigated. The results of
these experiments are shown in Figure 2 and indicate that the
fusogenic anions, in marked contrast to the nonfusogenic PA anion,
exhibit similar characteristics to DPA?~ on the ANS fluorescence
properties upon binding to the large DDAB vesicles. Compared
to DPA?, interaction of SO, with the vesicle bilayer causes
almost identical changes with respect to the blue shift of the
emission maximum as well as the increase in the relative
fluorescence intensity of the ANS-labeled vesicles. Although the
monovalent pTSA™ causes a more gradual change in these
properties, its effect is similar as for DPA*" and SO,2" and com-
pleted before vesicle aggregation is induced. Furthermore, both
SO,* and pTSA~ induced an increase in head group packing
density as reflected by the increase in ANS fluorescence polar-
ization. In marked contrast to the effect of the fusogenic anions,
the nonfusogenic PA~ did not induce any significant changes in
the ANS fluorescence properties, indicating its inability to de-
hydrate the DDAB bilayer or influence the lateral head group
packing. Thus, these observations provide further support that
membrane dehydration and the concomitant increase in the lateral
packing of the amphiphilic head groups represent key events in
the anion-induced fusion of the DDAB vesicles. Based on the
observation that charge neutralization of the vesicles does not lead
to dehydration or packing alterations, as may be inferred from
PA~/DDAB bilayer interaction, the results also support the view
that, prior to aggregation, a specific complex between the fusogenic
anions and DDAB is formed. This complex presumably involves
a so-called (intrabilayer) “cis” complex% and is formed when a
divalent ion binds two DDAB molecules within the same bilayer,
very similar to that observed for the interaction of divalent cations
with negatively charged phospholipid bilayers.® In the case of
pTSA-, such a type of interaction presumably occurs® as a result
of the dual functional properties of this molecule, because it
contains a charged and a hydrophobic side group, In fact, it is
quite conceivable that this cis complex formation would enhance
a tightening of inter-head group packing, thereby further faci-
litating the expulsion of water from the head group region.?°
Obviously, the formation of this complex as such is not a sufficient
condition for the occurrence of fusion (see above), which is in
accordance with observations on phospholipid vesicle systems.%
In the latter systems, an additional complex needs to be formed
which entails a so-called “trans” binding®2’ in which a divalent
ion binds to two phospholipid molecules on different bilayers. We
suggest that such a complex also needs to be formed in the DDAB
system. It is reasonable to assume that the formation of such a
complex will be greatly facilitated after prior perturbation of the
water structure surrounding the head group region.?

Studies on the fusogenic properties of negatively charged
phospholipid vesicles have revealed the requirement for an overall
bilayer fluidity in order to be susceptible toward Ca?*-induced
fusion.? Eventually, however, collapsed cochleate structures are
formed, consisting of tightly packed Ca*/phospholipid complexes.
In earlier work this observation has led to the suggestion that the
key event in vesicle fusion is the isothermal phase transition
induced by the metalion.?” To find out whether the alterations

(24) Siegel, D. P. J. Colloid Interface Sci. 1984, 99, 201,

(25) Prévost, M.; Gallez, D. J. Chem. Soc., Faraday Trans 2 1984, 80,
517.
(26) Wilschut, J.; Dilzgiines, N.; Hoekstra, D.; Papahadjopoulos, D. Bio-
chemistry 1988, 24, 8.

(27) Papahadjopoulos, D. Cell Surf. Rev. 1978, 5, 765.
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Figure 3. Membrane fluidity of DDAB vesicles, determined by DPH
fluorescence polarization, as a function of vesicle size: (@) sonicated
vesicles; (A) small vesicles; (O) large vesicles. [DDAB] = 0.52 mM;
[DPH] = 47 nM.

induced by DPA? on the DDAB vesicle surface are propagated
to the interior of the bilayer and whether the physical state of
DDARB bilayers influences the fusogenic behavior of the vesicles,
the effect of anion binding on membrane fluidity and the effect
on fusion of membrane fluidity per se¢ was examined.

Anion Binding and Membrane Fluidity. The occurrence of a
liquid crystalline phase transition in diphenylhexatriene
(DPH)-labeled DDAB bilayers was revealed by the DPH
fluorescence polarization as a function of temperature. As shown
in Figure 3, the temperature at which the phase change occurred,
T, is dependent on the size of the vesicles, very similar to that
in phospholipid vesicles.”® Sonicated DDAB vesicles, with an
average diameter of approx. 500 A, display a transition between
5 and 11 °C, the midpoint being centered around 8 °C. The small
vesicles (diameter ca. 2000 A) show a rather broad transition that
takes place between 6 and 22 °C (midpoint 14 °C). Interestingly,
the large DDAB vesicles show two breaks in the fluorescence
polarization curves, the first transition taking place between 4 and
9 °C (midpoint ca. 7 °C), while the second transition is seen
between 13 and 21 °C (midpoint approximately 17 °C). Pre-
viously, Okahata et al.!® reported a phase transition temperature
of 16 °C for large DDAB vesicles, determined with differential
scanning calorimetry. This temperature correlates fairly well with
the second transition we observed, indicating that this transition
represents the main thermotropic transition. The most obvious
explanation for the transition, occurring at 7 °C in the large vesicle
population, would be that the vesicle fraction is heterogeneous
in size, the transition being due to the presence of vesicles com-
parable in size to sonicated vesicles. Alternatively, it is possible
that the transition reflects a so-called pretransition similar to that
detected in various phospholipid and surfactant bilayers.'%#%® As
will be described below, the temperature-dependent fusion ex-
periments allowed us to discriminate between these two possi-
bilities, favoring the latter one. Having established the liquid
crystalline properties of DDAB vesicles, we next examined the
extent to which these properties are affected upon binding of
DPA?, To this end, large DPH-labeled vesicles were incubated
with DPA?*" at various temperatures. The concentration of DPA*
relative to that of the DDAB vesicles in the incubation mixture
was taken such that it would result in an immediate and maximal

(28) (a) Van Dyck, P. W. M.; De Kruijff, B.; Aarts, P. A. M. M,; Verkleij,
A. J.; De Gier, J. Biochim. Biophys. Acta 1978, 506, 183. (b) Jain, M. K.
In Membrane Fluidity in Biology; Aloia, R. C., Ed.; Academic: New York,
1983; Vol. I, p 1.
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Figure 4. Effect of DPA? on the membrane fluidity of large DDAB
vesicles. DPH fluorescence polarization was determined at the indicated
temperatures in the absence (@) or presence (0) of DPA*. [DDAB] =
0.52 mM; [DPH] = 47 nM: [DPA®] = 40 uM.

increase in ANS fluorescence polarization (4.1 uM, cf. Figure
1) without causing aggregation or fusion (“subthreshold” DPA?
concentration). As shown in Figure 4, the transition temperatures
remain unaltered upon DPA? binding, indicating that anion/
DDAB interaction does not culminate in extensive solidification
of the the membranes. Such an effect does occur for Ca®* binding
to PS bilayers, in which systems a large upward shift of the phase
transition temperature is generally observed. Furthermore, also
at higher DPA?" concentrations (up to 150 uM, i.c., well above
the threshold concentration for fusion), no shift in the transition
temperature for DDAB vesicles could be detected. The higher
P values at temperatures below 15 °C, determined for vesicles
incubated in the presence of DPA?", indicate that only in a gellike
state DPA® further induced the structural ordering of aliphatic
chains.

From the above results it is concluded that DPA? -induced
fusion of large DDAB vesicles does not require the induction of
an isothermal phase transition. Rather the data obtained for
ANS-labeled vesicles indicate that the physical and structural
alterations induced in DDAB bilayers upon binding of DPA? are
restricted to changes at the membrane surface.

Membrane Fluidity vs. Fusion. To investigate the fusion sus-
ceptibility of the large DDAB vesicles as a function of the physical
state of the bilayer (solid/fluid), both the initial rate and the extent
of fusion were determined (see Experimental Section) and plotted
as a function of temperature. As shown in Figure 5, fusion
proceeds over the entire temperature range (4-24 °C) studied.
An apparent maximum is seen around 7 °C. After decreasing
and subsequently leveling off with increasing temperatures (9-16
°C), these parameters sharply raise again at T > 17 °C. The
apparent fusion maximum seen at approximately 7 °C coincides
with the lower transition temperature as determined by DPH
fluorescence polarization (Figure 3). Furthermore the onset of
the rapid increase in the fusion kinetics at ca. 17 °C clearly
parallels the second phase transition which we attributed to the
main gel/liquid crystalline transition of the large DDAB vesicles.
To obtain further support for the remarkable fusion event seen
around 7 °C and, hence, to exclude the possibility of transfer of
individual fluorescent molecules between labeled and nonlabeled
membranes, DDAB vesicles were incubated with DPA? at 6.5
°C and subsequently examined by electron microscopy. As shown
in Figure 6, large fused vesicles were observed with an average
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Figure 5. Effect of temperature on the initial fusion rate (O) and the
extent of fusion (O) of large DDAB vesicles. Fusion was monitored with
the resonance energy-transfer fusion assay. The ratio of vesicles labeled
with N-NBD-PE and N-Rh-PE to nonlabeled vesicles was 1:1. Total
[DDAB] = 55 uM; [DPA?] = 63 uM. The pH of the incubation
medium was 6.0.
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Figure 6. Flectron micrographs of large DDAB vesicles before (A) and
after (B) an incubation with DPA? at 6.5 °C for 45 min. Bar indicates
0.35 pm.

diameter of ca. 1 um. The size of the fused structures observed
under these conditions appears to be two- to three-fold smaller
than that observed for vesicles formed upon fusion at 7> 17 °C,
showing® an average diameter of ca. 2-3 um. Thus the lower
extent of fusion observed around 7 °C, using the fusion assay,
is consistent with the electron microscopic observations.

In the previous section, we indicated the possibility that the
transition temperature around 7 °C for large vesicles might be
due to small sonicated-type-like vesicles, present as contaminant
in the large vesicle population. If so, sonicated DDAB vesicles
should fuse in the presence of DPA? when incubated at 7 °C,
as may be inferred from the results presented in Figure 5.
However, we did not detect any fusion when sonicated N-NBD-
PE/N-Rh-PE-labeled vesicles were incubated with nonlabeled
vesicles. This result provides strong evidence for the occurrence
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of a pretransition in the DDAB bilayer and argues against the
presence of smaller vesicles as contaminant in this fraction.

Concluding Remarks

The results described in this study indicate that disturbance
in the hydrophilic region of the bilayer causes anion-induced fusion
of large DDAB vesicles. The inability of DPA?" to perturb the
head group packing in the small vesicles prior to aggregation and
the resistance of such vesicles to fusion® further support the
conclusion that the observed initial changes induced in the bilayer
interface of the large vesicles are essential for fusion to occur.
Since the actual fusion susceptibility was evidently conferred to
vesicles within the aggregated state, prior dehydration and sub-
sequent head group packing alterations would thus constitute a
necessary though not sufficient prerequisite for the induction of
fusion. Thus, an additional process must take place. As a likely
possibility, we suggest a further tightening of adjacent vesicles
via formation of a specific “trans” complex between anions and
amphiphiles in apposed vesicles, very similar to that proposed for
cation-induced fusion of negatively charged phospholipid vesicles.t
Prior dehydration of the vesicle surface will allow the apposed
membranes to come into sufficiently close proximity for such a
complex to be formed.®®?% It is interesting to note that such a
sequence of events is fully consistent with observations previously
reported on the effect of the dehydrating agent polyethylene glycol

on cation-induced fusion of phosphatidylserine vesicles.®®

Several possibilities may explain the highly resistant properties
of small vesicles toward fusion: (i) the strongly bound water
surrounding the head groups was only partially removed, pre-
venting the bilayers from coming into sufficiently close, i.e., fusion
susceptible, contact; (ii) as a result, and analogous to phospholipid
systems (e.g., the interaction between Mg?* and phosphatidyl-
serine®), the ability of forming a trans-anion complex will be
abolished; (iii) the low cooperativity in head group packing al-
terations, compared to that observed in the large vesicles, could
be indicative for molecular areas formed too small for allowing
stable fusion contact sites to be created.

Modification of either the head group structure or the aliphatic
chain may allow further insight into the physical properties of
the bilayer interface and the dynamic behavior of these surfactant
vesicles to be obtained. Such experiments are currently in progress.
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Abstract: Radical reactions involving two or more intermediates and many mutual reaction channels may lead to the specific
formation of (ideally) only one product if one species is more persistent than the others and if persistent and transient species
are generated with equal rates. This is caused by an initial buildup of the persistent intermediate which thereafter steers the
system to follow (ideally) a single path. A kinetic analysis explains recent data on the photochemistry of nitrosamines and
cobalamine. The effect is a likely reason for the high selectivities observed in many photoreactions involving NO as intermediate,
e.g., the Barton reaction or the photooxidation of alkanes by NOCI.

Reactions involving two and more free radical intermediates
have been reported which exhibit unusually high selectivities of
product formation though no chain processes are involved:
Gas-phase photolysis of dimethylnitrosamine in the nw*-transition
region leads to cleavage with a quantum yield of unity.!

(CH3),N-NO — (CH,),N: + NO- (1

During continuous photolysis in inert atmospheres the only reaction
of the radicals appears to be cross-termination.

(CH;),N: + NO- — (CH;),N-NO (2)

Thus, the nitrosamine exhibits an apparent high photostability
under inert conditions. Similarly, the photolability of methyl-
cobalamine in aqueous solution is drastically reduced in the ab-
sence of free radical traps.> Photolysis in the presence of 0.03
M CO leads to acetylcobalamine with high yield (x70%). The
mechanism

(1) Geiger, G.; Huber, J. R. Helv. Chim. Acta 1981, 64, 989.
(2) Krautler, B. Helv. Chim. Acta 1984, 67, 1053.

0002-7863/86/1508-3925501.50/0

CH;~cob — -CH, + -cob 3)
-CHj; + -cob — CH;~cob 4)
.CH, + CO — CH,CO )

CH,CO + «cob — CH,CO~cob (6)

was suggested.? If the mechanisms are correct the selectivity for
the cross-terminations 2, 4, and 6 is surprising. The reactions
involve radicals ((CH,),N-, -CH,, CH;CO) which are known to
self-terminate with high rate constants,’ and one would intuitively

(3) (CH,),N- and -CHj self-terminate in liquids with rates close to diffu-
sion control.* The rate constant for self-termination of CH;CO in liquids is
nearly equal® to that of (CH,)sC which is diffusion controlled.* 2k for (C-
H,),N- in the gas phase seems unknown, but the constant is high® for H,N-
at pressures similar to those used in ref 1.

(4) Radical Reaction Rates in Liquids; Fischer, H., Ed.; Springer: Berlin,
1983; Landolt-Bornstein, New Series, Group II, Vol. a and c.

(5) Vollenweider, J. K.; Fischer, H.; Hennig, J.; Leuschner, R. Chem. Phys.
1985, 97, 217.

(6) Handbook of Bi- and Termolecular Gas Reactions; Kerr, J. A., Moss,
S. J., Eds.; CRC-Press: Boca Raton, 1981,
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