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We have studied the rate of membrane fusion, the lipid dynamics and order and the membrane permeability of
phosphatidylcholine vesicles as a function of pH. Acidification induced very different effects depending on the state
of the bilayer. In liquid-crystalline bilayers, acidification decreased the rate of membrane fusion, the acyl chain
motion and disorder and the rate of K* release, whereas in solid bilayers acidification increased the rate of
membrane fusion, the lipid acyl chain dlsorder and the rate of K * release. These pH-dependem modifications are

interpreted in terms ol‘ confor 1 and /or

L of the ph

head group in the

b In solid , these ch
stress leads to an unstnble bilayer.

Introduction

In recent years the effect of pH changes on several
membrane- related phenomena, such as binding of
external molecules to the membrane, solute diffusion,
membrane fusion, and distribution of lipid components
in the bilayer has been the subject of considerable
interest. Current mterpretatmns of these pH-m-

are not easily accommodated by the rigid structure, and the resulting

We present experimental evidence that acidification
modifies the fusion capacity of PC bilayers, the lipid
mobility and order, and the permeability properties of
the b bly as a c of modi-
ﬁcatlons of lipid packmg Molecular packing of the

of biol is critical for
several events such as receptor function [1], enzymatic
activity [2], solute diffusion [3], segregation of mem-

fluenced processes have considered almost excl Ty
the role of acidification on !he polar head of neganve

holipids and phospt ine, or on the
molecules mteractmg with the bilayer. Insufficient at-
tention, however, has been paid to the effect of pH on
the zwitterionic lipid phosphatidylcholine (PC), which
was practically considered as an inert molecule.

brane cc {4}, incorporation of proteins into

membranes [5] or action of anesthetics [6]. Our results

mdlcate that care should be taken m interpreting pH-
in PC- ing membranes.

Materials and Methods

Phospholipids, 1,6-diphenyl-1,3,5-hexatriene (DPH)
and perylene were supplied by Sigma. In order to
improve the purity, the lipids were precipitated from
acetone as described by Massari and Colonna [7}. N«(7-
Nitrobenz-2-oxa-1,3-diazol-4-yl)dipalmitoylphosphatid-
y!ethanolamme (N-NBD-PE) and N- (lnssamme Rho-
ine B sulfonyl)dipalmitoyl idyl

Abb PC, DMPC, dimyristoyl

DPPC, di id; ine; DSPC, dis-
hatidylcholine: DOPC, dioleoylphosphatidylcholi

SUV, small unilamellar vesicles; DPH 1,6-diphenyl-1.3,5-hexatriene;
TMA-DPH, 1-(4-tri 6-phenyl-1,3,5- hexa-
triene; N-NBD-PE, N-(7-ni 2 1.3-diazol-dyldipal |
i famis N-Rh-PE, N-(li ine Rhodamine B
sulfonyl)di hatil h i Tris, tris(hydroxy-
methyl)ami Hepes, N-2 i ine-N"-2-

ethanesulfonic acid.

Correspondence: S. Massari, Institute of General Pathology, Univer-
sity of Padova, Via Trieste 75, 35121 Padova, Italy.

amine (N-Rh-PE) were synthetized in the laboratory of
Dr. Montecucco (this Institute). 1-(4-Trimethylam-
moniumphenyl)-6-phenyl-1,3,5-hexatriene (TMA-DPH)
was supplied by Molecular Probes, Inc.

Small unilamellar vesicles (SUV) were obtained by
sonication in a medium containing 0.1 M KCl and 10
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mM acetate-Tns The details of the preparation are
given in a p blication [8]. Multilamellar vesi-
cles were produced by hydrating and gently shaking a
thin film of dry lipids with a buffered solution at a
temperature above that of the lipid phase transition.
Labeling of the vesicles was accomplished by adding a
few microliters of DPH (in tetrahydrofuran) or TMA-
DPH (in dimethylforinamide) to a vortexed aqueous
buffer and then by adding the phospholipid dispersion
under stirring to a final lipid /dye molar ratio of 200: 1.
Perylene in chloroform was added directly to a lipid
solution in chloroform prior to evaporation to dryness,
to a final lipid /dye molar ratio of 200:1.

Measurements of turbidity changes, lipid mixing by
N-NBD-PE and N-Rh-PE energy transfer, electron
microscopy of negatively stained samples, vesicle size
and fluorescence anisotropy were performed as previ-
ously described [7,8]. The excitation and emission
wavelengths were 360 nm and 430 nm for DPH and
TMA-DPH, and 412 nm and 470 nm for perylene,
respectively.

K* release was measured electrometrically in a
magnetically stirred cuvette thermostatted with a circu-
lating water bath. The PC SUV were sonicated in 0.1
M KCl and 10 mM acetate-Tris (pH 7), stored for one
week at 23°C in order to obtain larger vesicles [8], and
finally dialyzed overnight at 4°C against 0.1 M choline-
Cl and 10 mM acetate-Tris (pH 7). The experiment was
started by addition of 0.7 pumol lipids to a sample
cuvette (final volume 3 ml) containing 50 mM choline-
Cl, 6.1 M sucrose. 10 mM acetate-Tris and 50 uM
tetraphenylphosphonium, a lipophilic cation readily
permeating the membrane. K* release was initiated by
the addition of 1 ug of valinomycin.

Phospholipids hydrolysis was investigated according
to Punzi et al. [9]. Samples of sonicated and unsoni-
cated vesicles incubated at acidic and neutral pH were
taken to dryness and redissolved in chloroform/
methanol (2:1, by volume). After bidimensional thin-
layer chromatography lhe hydmlysns was quantxfled by

us deter of lysoph Low
levels of hydrolysis (below 0.2%) were d d in
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Fig. 1. pH- dependem rate of absorbance increase of a DMPC/DSPC
suv The ion medium 0.1 M KCI and

10~3 M acetate-Tris adjusted to pH 7 (a) or pH 3 (b). Final volume 3
mi, 30°C, 334 nm. The experiments were started by the addition of
DMPC/DSPC SUV (1:1 ratio) preequilibrated at 60°C at pH 7 (a)
or pH 3 (b) (not shown). Where indicated, HCI or Hepes were added
to give the final pH labeling each trace. Broken lines, no additions.

increased the rate of absorbance increase (Fig. 1a).
Conversely, neutralization with Hepes buffer of a SUV
suspension thoroughly equilibrated at acidic pH de-
creased the raie of absorbance increase (Fig. 1b). This
effect appears to be related to the pH change rather
than to the buffer per se, since the same experimental
results were obtained when (i) larger amounts of buffer
were present and (ii) the pH was readjusted by addi-
tion of Tris instea’ >f Hepes (not shown). By compar-
ing the traces of Figs. 1a and 1b, it can be observed
that the effect of acidification on the rate of ab-
sorbance change was only partially reversed by restor-
ing the pH to the initial value, indicating that the
process is not completely reversible, It should be noted
that the kinetics was measured at 30°C, the tempera-
ture at which the process attains its maximum rate (sce
Fig. 2).

Fig. 2 shows the temperature-dependent rate of
absorbance increase of DPPC and DMPC/DSPC SUV
suspensions at neutral and acidic pH. For both systems
the process was faster at pH 4, especially at lower

p es. The SUV cc d by two non-ideally
ible PC st d a higher increase than those com-

SC d and unsc d vesicles incubated at pH 7.
Acxdlﬁcatlon dld nm increased significantly the phos-

ids hyd Multilamellar vesicles directly
produced at “acidic pH showed percentages of hydroly-
sis of 0.8, while after sonication the percentage of

hydrolysis was 2.8.

Resuits

Size increase of PC vesicles

Fig. 1 shows the kinetics of PC SUV dimensions
increase, as determined by the turbidity increase of the
vesicle suspension. Acidification of a DMPC/DSPC
SUV suspension equilibrated at pH 7 considerably

posed by one single component.
In order to ascertain that the absorbance changes
d vesicle size i and not aggregation, we
studied the lipid mixing and analyzed the electron
micrographs of negatively stained SUV, Lipid mixing
and electron micrographs were performed with both
pure and mixed PC systems with essentially the sume
results. In the following figures, however, experiments
are shown for one system only, for the sake of brevity.
Fig. 3 shows an increased lipid mixing in
DMPC/DSPC SUV when the pH is Iowered The lipid
mixing was moni y fl
due to energy transfer between N-NBD-PE and N-Rh-
PE probes [8].

n
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Fig. 2, T rate of increase of PC

SUV suspensions at pH 7 and 4. The incubation medium contained

0.1 M KC! and 10~* M acetate-Tris adjusted to pH 7 (closed

symbols) or pH 4 (open symbols). Final volume 3 ml, 334 nm. The

experiments were started by the addition of DMPC/DSPC SUV

(1:1 ratio) or DPPC SUV preequilibrated at 60°C at the pH indi-
cated in the figure. Lipid concentration was 0.5 mM.

Fig. 4A shows the histograms of the vesicle diameter
distribution obtained from electron micrographs. DPPC
SUV incubated at 10°C for 1 h were transformed into
larger vesicles in an acidic medium. Indeed, the aver-
age diameters were 28 and 36 nm at pH 7 and 4,
respectively. The maximum error in the diameter mea-
surements from the electron micrographs was +3 nm.
Spontaneous fusion of PC SUV has been observed by

S "
E

e

N30

2

®

] 1
o 20

2 ° pH7
% \-
&0

o

€

§

5

a

Temperuture.“c

Fig. 3. Temperature-dependent lipid mixing of a DMPC/DSPC

SUV suspension at pH 7 and 4. The percentage of lipid mixing was

obtained by mixing 40 M of DMPC/DSPC SUV in 1:1 ratio

containing N-NBD-PE and N-Rh-PE with 160 pM of SUV devoid of

ihe probes, and by measuring the fluorescence intensity increase as
previously described [8).
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Fig. 4. Histograms of the vesicle diameter obtained from micrographs
of negatively stained samples. (A) 1| mM of DPPC SUV were
incubated for 1 h at 10°C either at pH 7 (continuous lines) or at pH 4
(dotted lines). (B) DPPC SUV 1 mM were incubated at 60°C for a
week either at pH 7 (continuous lines) or at pH 4 (dotted lines).

Lentz et al. [10] to occur slowly when the vesicles are in
the liquid-crystalline state. Fig. 4B shows that DPPC
SUV were transformed into a more heterogeneous
population of both small and intermediate-size vesicles
when they were stored at 60°C for a week at pH 7, with

of the to 40 + 4 nm. The
size increase process was inhibited when the SUV were
stored at 60°C for one week at pH 4, the average
diameter being 32 + 4 nm.

Fig. 5 shows the pH dependence of the rate of
absorbance increase of DMPC/DSPC SUV suspen-
sions sonicated at pH 7.2. The rate of absorbance
change became progressively faster as the pH was
lowered below 7, reached a maximum at pH 2.5, and
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Fig. 5. pH-dependent rate of absorbance increase of DMPC/DSPC
SUV suspensions sonicated at pH 7. 0.25 mM DMPC/DSPC SUV in
the 1: l ratio were sonicated at pH 7. The DMPC/DSPC SUV were
i d at 60°C after acidification to the iate pH
value. The rate of absorbance change was measured at 30°C.
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Fig. 6. Te d: DPH it in PC SUV. 0.02 mM of DPPC (A), or DMPC/DSPC SUV in the 1:1 ratio (B),
containing 0.5% DPH, were incubated at 50° C for 3 h at neutral or acidic pH. The was by starting from a

temperature in which the bilayers were in the liquid-crystalline state and by lowering the sample tempenuuve at a rate of 0.5 C°/min. The bars
indicate the standard error estimated in three different SUV preparations.

decreased as the pH was decreased further. The phos-
phoric group is neutralized at pH values lower than
2.5, and the presence of a net positive charge on the
vesicle surface provides sufficient repulsive electro-
static energy to prevent close vesicle contact and mem-
brane fusion.

Lipid dynamics and order

The easiest and most frequently used method to
measure the physical state of the bilayers is steady-state
fluorescence depolarization of the probe DPH, which
predominantly reflects the mean structural order of
membrane lipids [11]. Fig. 6 shows the temperature-de-
pendent fluorescence anisotropy of DPH incorporated
into DPPC and DMPC/DSPC SUV incubated at neu-
tral or acidic pH. The midpoint temperature of the
main lipid phase transition, T, was progressively in-
creased as the pH was lowered: in DPPC SUV, T,
shifted by approx. 0.9 C° at pH 4 and 7 C° at pH 3. The
anisotropy increased after acidification, when the bilay-
ers are in the liquid-crystalline state, whereas it de-
creased when the bilayers are in the solid state. The
same results were obtained with multilayered DPPC
vesicles, whose diameter is much larger than that of
sonicated vesicles (not shown).

The anisotropy decrease in solid bilayers at acidic
pH may be due either to a decreased order of the acyl
chains, or to an increased energy transfer between
segregated probe molecules. DPH could indeed prefer-
entially partition into microdomains when lipid bilayers
freeze at acidic pH. Moreover, it is possible that the
lipid bilayer becomes more ordered in acidic conditions

and that the probe rotation results more from ‘slipping’
than from ‘sticking’ motion [12]. Finally DPH, which is
predominantly located at and in the close vicinity of
the center of the bilayer [13], has a certain amount of
molecules oriented with their long axis perpendicular
rather than parallel to the lipid acyl chain. According
to Straume and Litman [14], the relative amount of
molecules oriented in the two directions may change
with temperature, acyl chain unsaturation and lipid
packing of the bilayers. At present it is impossible to
distinguish between shift in DPH distribution, changes
in the rotational characteristics of the probe and en-
hanced lipid disorder.

Two other ﬂuorescent probes were used in order to
further elucidate the physical ch accc
the acidification: TMA-DPH and perylene. The amphn-
pathic TMA-DPH molecule resides in the interfacial
and head group regions of the membrane, and appears
to exhibit only a unimodal distribution with maximum
probability centered around the bilayer normal [14-17].
The use of TMA-DPH avoids therefore heterogeneous
distribution of the probe in the bilayer, and minimizes
segregation owing to electrostatic repulsion of the
probe head group. Moreover, the probe is less sensitive
to the entangling effect of nearby hydrocarbon chains
since the phospholipid motion is slower at the interfa-
cial rather than at the end-chain region. Perylene
molecules preferentially align the plane of their ring
system parallel to the lipid acyl chains. The rate of
in-plane rotation is substantially faster than the rate of
out-of-plane rotation, so that the steady-state fluores-
cence anisotropy of the probe seems not to be greatly
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Fig. 7. of fl change of DPH, TMA-

DPH and perylene, incorporated into PC SUV. 0.02 mM of lipids

containing 0.5% of fluorescent probes were used, and the fluores-

cence anisotropy was measured as described in Fig. 6. The percent-

age is defined as 100( Ay — Apia)/ Apnr, Where A s the fluores-

cence anisotropy of the probes. Panel A, DPH; panel B, TMA-DPH;
panel C, perylene.

influenced by the acyl chain order. However, it is
sensitive to factors which affect the in-plane rotational
rate, among them the acyl chain mobility [18].

The pH-depend isotropy ct of the fluo-
rescent probes were completely reversible when the
bilayers were in the liquid-crystalline state. Consider-
able hysteresis effects, however, were found in the
! curve when the bi-
layers, mcubated at acidic pH, were subjected to a
further heating run through the phase transition (not
shown).

Fig. 7 shows the percentage change of the fluores-
cence anisotropy of the three probes incorporated into
DMPC, DPPC and DSPC SUV when the pH was
decreased from 7 to 4. Acidic pH increased the
anisotropy at temperatures where the PC bilayers pos-
sess large regions of lipids in the liquid-crystalline
state, and the maximum change occurred at a tempera-
ture near the completion temperature of the main lipid
phase transition. At pH 4 the anisotropy of TMA-DPH,
like that of DPH, was lower in solid bilayers, whereas
the anisotropy of perylene was higher. Since TMA-DPH
detects the lipid order, while perylene detects the lipid
motion, we can conclude that acidification immobilizes
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the lipid acyl chains, and it affects the lipid order in an
opposite way depending on the solid or the liquid-
crystalline state of the bilayer. Fig. 7 further shows that
the shorter the lipid acyl chain length, the larger were
the anisotropy changes between solid and liquid-crys-
talline state. The major change occurring in PC mem-
branes when the lipid acyl chain length is varied con-
cerns the area occupied per molecule, while the bilayer
thickness is less sensitive to the lipid chain length
{19-21]. It is therefore possible that the stronger effect
of acidification is due to the reduced distance between
the polar head groups. According to this interpreta-
tion, the pH-dependent variations of the lipid mobility
and order are consequent to a change in the interac-
tion b ighboring PC molecules rather than to
a change in the physical state of a single PC molecule.
This mechanism leads to the interesting consequence
that acidification can decrease the miscibility between
PC molecules in a mixture if the acyl chain length of
the lipid components is different.

Membrane permeability to K *
The release of K* was measured electrometrically
in K*-loaded DMPC SUV. In order to pmvxde charge

the medium was d with te-
traphenylphosphcmum, a lipophilic cation readily per-
the t In PC bil P

K* release occurs at a very low rate, that can be
accelerated by the addition of a catalytic amount of the
ionophore valinomycin. The rate-limiting flux in this
system is the diffusion of the valinomycin-K* complex
across the bilayer, since further addition of valinomycin

~
=3
T

=3

o,

10 20

Temperature, |'C

Percentage of change of K*retease rate

-10p

Fig. 8. Temperature-dependent changes of the rate of valinomycin-

induced K* release in DMPC/DSPC SUV. DMPC/DSPC SUV in

1:1 ratio were used, and the K* release was measured as described

in the Methods section. The percentage is defined as 100V 33—

Viu2)/ Vonys where V is the initial rate of valinomycin-mediated K*
release.



136

increases the K* release rate. Fig. 8 shows that, in the
liquid-crystalline state, the kinetics of K* release medi-
ated by valinomycin was inhibited as the pH was low-
ered. The inhibition of K* release is in agreement with
the observation that the conductance of liquid-crystal-
line PC bilayers to electrolytes and to proton/hydrox-
ide decreases when the external pH is lowered [22-25].
The rate of valinomycin-mediated K* transport is very
sensitive to the fluidity of the lipid bilayer [26,27], and
inhibition of the diffusion process at acidic pH may
therefore be consequent to a lower fluidity. On the
contrary, valinomycin-K* diffusion rate in gel state
membranes was accelerated at acidic pH. The opposite
effects induced by acidic pH in liquid-crystalline and
solid membranes exclude the possibility that the per-
meability changes are mediated by pH-dependent sur-

pH-dependent properties of liquid-crystalline PC bilayers

The fluorescent response of the probes DPH, TMA-
DPH and perylene indicates that, in the liquid-crystal-
line state, PC molecules experience a reduction in the
disorder and motion after acidification. Similarly, the
decreased membrane permeability to K* and the inhi-
bition of the fusion rate suggest higher compactness
and stability of the bilayer under acidic conditions. The
hydrogen ion binding to the PC head group may re-
duce the lipid mobility either by decreasing the amount
of gauche conformers in the acyl chain, or by closely
packing the lipid chains. A closer chain approach is
possible if the PC head group, which is predominant in
determining the area per molecule, reduces its area: a
decrease of the total vesicle surface areca should be

face potential changes.
Discussion

Enhancement of the charge of the lipid polar head
group generally causes the lipids to pack less closely in
the bilayers and to melt at a lower temperature, due to
electrostatic repulsion [29-35]. However, partial proto-
nation of the phosphoric group of the zwitterionic PC
molecules raises the midpoint temperature of the lipid
phase transition, 7, instead of lowering it. The in-
crease in T, suggests that the positively charged qua-~
ternary amine causes only a small electrostatic repul-
sion [36). In fact, the synthetic lipid HO-(CH,),-
C(CH;); esterified to dipalmitoylphosphatidic acid,
with a non charged group which is otherwise similar in
size and structure to choline, melts at a similar temper-
ature as DPPC [36]. Likewise to the binding of hydro-
gen ions, the binding of di- and trivalent cations to PC
has been shown to cause a membrane rigidification as
a consequence of the increased lipid packing [37-40].
1t is extremely unlikely that fatty acid contamnination m
our PC preparations, either pi isting or prod

d. PC SUV uare, however, highly resistant to
changes in the area per lipid molecule [41-46]. If the
acyl-chain packing density remains unaltered in SUV
upon acidification, the reduced acyl chain motion can
be explained by a reduced extent and rate of trans-
gauche isomerization in the chains.

PpH-dependent properties of solid PC bilayers

PC SUV show increased lipid disorder. permeability
and fusion capacity when they are frozen at acidic pH
as compared te neutral pH. The compactness of solid
bilayers is therefore partially relieved under acidic con-
ditions. Our experimental techniques, i.e., steady-state
fluorescence anisotropy and solute diffusion rate mea-
surements, yield only qualitative information on the
lipid packing properties and are unable 0 properly
analyze the details of the molecular interactions. Nev-
ertheless, our experimental data can be rationalized
with the hypothesis that a pH-dependent conforma-
tional change of the PC polar group takes place in the
solid bilayers. When PC bilayers incubated at acidic
pH are in the solid state or contain domains of solid
Ilplds, both the fusion rate and the response of the

by PC hydrolysis during incubation at low pH could
account for the observed results, Three arguments
strongly suggest that the role of fatty acid is negligible:
(i) saturated fatty acids induce PC vesicle size enlarge-
ment only above a ‘critical’ concentration, approx.
3-5% of total lipid concentration [28). The fatty acid
ion of our treated PC preparations
is below 0.2% i.e., well below this value (see Methods);
(ii) the maximum rate of fatty acid-induced vesicle size
enlargement occurs 2-3 C° below the vesicle transition
tempezrature [28) while we obtain a different tempera-
ture dependence both at neutral and acidic pH (Fig. 2);
(iii) the rate of fatty acid-induced vesicle size enlarge-
ment is inhibited at alkaline pH and
below pH 6.5 [28] while the rate of vesicle size enlarge-
ment described here is progressively increased as pH is
lowered (Fig. 5).

dyes are not completely reversed after pH
readjustraent at neutral value. These hysteresis effects
are proLably due to a higher affinity of the solid lipids
for hydrogen ions, which may be caused by a different
head group configuration and packing in the mem-
brane consequent to acidification. A conformational
change of the PC head group may be induced, for
instance, by a change of the hydrogen bond network
around the polar groups. The reduced hydration and
the higher negative surface potential present in solid
PC bilayer [47] may further contribute to increase the
proton affinity. A more extended conformation of the
phosphorylcheline group has been observed after cation
binding to liquid-crystalline PC [40,48-51}.

In the liquid-crystalline state, there is considerable
flexibility in the interplay between phosphorylcholine
lattice and hydrocarbon matrix. In solid state bilayers,
changes in the head group configuration and packing



are more difficult to jate by correspondi
changes in the acyl chain ation. If, for i

the hydrogen ion binding reduces the area of the PC
head group, the lipid molecules in the outer layer of
the SUV membranes undergo a transition from a trun-
cated cone to a more cilindrical configuration, which
does not properly match into curved bilayers. The
resulting stress may be partially relieved by tormation
or enlargement of structurai defects between highly
ordered lipid domains. These boundary regions of mis-
match in molecular packing cause a di us ar-
rangement in the bilayer architecture which destabi-
lizes the membrane structure, These considerations
explain the decreased order detected by the fluores-
cence response of DPH and the increased K* perme-
ability and fusion rate. Moreover, the effect of acidifi-
cation is more relevant in fusing SUV composed of two
non-ideally miscible PC: in these mixtures the struc-
tural defects have been shown to be larger than in the
mixtures of miscible PC [8,52].

In lusion, our results i that acidification
induces structural and dynamic changes in model mem-
branes composed of PC. These changes are relevant at
pH values not far from those occurring in vivo in some
natural processes such as endosome acidification and
steady state mainteinance of acidic pH in lysosomes. In
this connection, experiments are under way to extend
our approach to natural intracellular vesicles and to
large unilamellar vesicles, whose curvature radius is
closer to that of intracellular vesicles. Although the
major changes in the structure and function of natural
membranes upon acidification involve negative phos-
phelipids or phosphatidylethanolamine, the high con-
tent of PC and its sensitivity to acidification can play
an important role in modulating the lipid acyl chain
mobility and order in the membrane domains, the
membrane permeability, the surface properties of the
bitayer, the miscibility properties of the lipid compo-
nents and the i ions b proteins and sur-
roundings lipids.
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