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ABSTRACT: Herein, we show that Zn** binds to phosphatidylserine (PS) lipids in supported lipid bilayers (SLBs), forming
a PS-Zn** complex with an equilibrium dissociation constant of ~100 pM. Significantly, Zn** binding to SLBs containing
more than 10 mol% PS induces extensive reordering of the bilayer. This reordering is manifest through bright spots of high
fluorescence intensity that can be observed when the bilayer contains a dye-labeled lipid. Measurements using atomic force
microscopy (AFM) reveal that these spots represent three-dimensional unilamellar blebs. Bleb formation is ion specific,
inducible by exposing the bilayer to pM concentrations of Zn**, but not by Mg**, Cu**, Co** or Mn**. Moreover, Ca** can
induce some blebbing at mM concentrations, but not nearly as effectively as Zn**. The interactions of divalent metal cations
with PS lipids were further investigated by a combination of vibrational sum frequency spectroscopy (VSFS), and surface
pressure-area isotherm measurements. VSFS revealed that Zn** and Ca** bound to the phosphate and carboxylate moieties
on PS via contact ion pairing, dehydrating the lipid headgroup, whereas Mg** and Cu**bound without perturbing the hy-
dration of these functional groups. Additionally, Zn** was found to dramatically reduce the area per lipid in lipid monolay-
ers, while Mg** and Cu** did not. Ca*>* could also reduce the area per lipid, but only when significantly higher surface pres-
sures were applied. These measurements suggest that Zn** caused lipid blebbing by decreasing the area per lipid on the side
of the bilayer to which the salt was exposed. Such findings have implications for blebbing, fusion, oxidation, and related
properties of PS-rich membranes in biological systems where Zn** concentrations are asymmetrically distributed.

Introduction containing ZnCl, caused the appearance of micrometer-
The interactions of divalent metal cations with lipid bi- sized fluorescent spots on the membrane surface. Atomic
layers influence numerous physiological processes. For ex- force microscopy (AFM) experiments showed that these
ample, Ca** binding to negatively charged lipids on the cy- spots were actually three-dimensional unilamellar lipid
toplasmic leaflet of the cell membrane neutralizes the sur- blebs that budded off of the surface of the SLB upon expo-
face charge.! This leads to the release of positively charged sure to Zn®". The formation of blebs on SLBs occurred with
membrane-bound proteins and activates cell-signaling Zn*, but not with Mg*, Cu*, Co*, or Mn**. The introduc-
cascades. The binding of divalent cations can also induce tion of Ca** also led to some bleb formation, but the effect
domain formation,** increase the gel to liquid crystalline was significantly weaker than for Zn**. Moreover, vibra-
phase transition temperature,’ and promote vesicle aggre- tional sum frequency spectroscopy (VSFS) measurements
gation and fusion.5™ Most studies probing the interactions showed that Zn*" interacted with phosphate and carbox-
of divalent cations with lipid bilayers have focused on Ca** ylate moieties on PS via contact ion pair formation (Figure
and Mg* at mM concentrations. However, it has recently 1A, top). Ca** also showed a propensity for ion pair for-
been shown that Cu** binds to phosphatidylserine (PS) mation. On the other hand, Mg* did not form contact ion
headgroups with apparent picomolar affinity."** This dis- pairs, and Cu** did not interact with the phosphate moiety.

covery raises the question as to which other divalent metal
cations bind to PS lipids with physiologically relevant af-
finities. Of particular interest is Zn*, the second most
abundant d-block metal ion in the human body.? While
the concentration of free intracellular Zn>* has been meas-
ured to be in the picomolar range, local concentrations of
labile Zn** can be quite high, reaching mM concentrations
inside of secretory vesicles."

Herein, we measured the affinity of Zn** for lipid mem-
branes containing PS lipids using a competitive turn-on
fluorescence assay. Fluorescence microscopy experiments
utilizing dye-labeled supported lipid bilayers (SLBs) con-
taining PS lipids revealed that aqueous solutions
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Figure 1. Proposed mechanism for bleb formation induced by
Zn** binding to PS lipids in SLBs. (A) First, Zn** coordinates to
two PS lipid headgroups and condenses the outer bilayer leaf-
let. This contraction is depicted by the two arrows in the im-
age. (B) This initiates membrane bending, which (C) results in
the formation of unilamellar blebs.

Surface pressure-area isotherms demonstrated that Zn**
condensed PS monolayers, suggesting that Zn** can dimer-
ize PS lipid. Ca** can do this too, but only at significantly
higher pressures that exceed the corresponding internal
pressure found in bilayers (~30 mN/m)."> The results for
Zn** suggest that this ion can bind to the distal leaflet of
supported bilayers, causing bleb formation by inducing
curvature (Figure 1B). This asymmetry should arise because
it is the distal leaflet that first comes into contact with the
metal ions. The area mismatch between the distal and
proximal leaflets results in the peeling of the lipid mem-
branes off the surface (Figure 1B) and the subsequent for-
mation of blebs (Figure 1C). This is reminiscent of the
mechanism for blebbing induced by membrane proteins.’
7 The current findings suggest that free Zn** should bind
to PS-containing membranes in cells under conditions
where Zn** is highly concentrated, and that these binding
events may significantly alter the physical properties of
biomembranes.

Results

Zn** Binds to Phosphatidylserine with High Micromo-
lar Affinity. Zn** binding to lipid bilayers was monitored
by a novel turn-on fluorescence assay that utilized SLBs
made in microfluidic channels (Figure 2A). Figure 2B
shows fluorescence line profiles across the red dashed lines
in Figure 2A.
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Figure 2. (A) An SLB containing 20 mol% POPS and 0.5 mol%
TR-DHPE in a microfluidic channel. The bilayer was exposed
to buffer containing 1 yM EDTA in the leftmost channel, 1 yM
EDTA and 50 pM NiCl, in the middle channel and 1 uM EDTA,
50 pM NiCl, and 1 mM ZnCl, in the rightmost channel. Each
channel was 200 pm in width. (B) The fluorescence intensity
across the red dashed linescan in A is plotted for each solution
condition. (C) Measurement of the fluorescence intensity
from bilayers containing 20 mol% POPS and 0.5 mol% TR-
DHPE exposed to a constant concentration of 10 pM NiCl,
(black data points) and 200 pM NiCl, (red data points) and
increasing concentrations of ZnCL. The solid lines are fits to
the data and are described in more detail in the SI. (D) A plot
of the measured apparent Kpcom values as a function of NiCl,
concentration. The black line represents a linear fit to the
data. All experiments were performed at 295 K.

In this assay, SLBs were made with 20 mol% 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine (POPS), 79.5 mol%
1-palmitoyl-2-oleoyl-glycero-3-phosphocholine ~ (POPC)
and 0.5 mol% Texas Red-1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (TR-DHPE). In the left channel,
Tris buffer was introduced without divalent metal cations
(Figure 2A). In the middle channel, the SLBs were exposed
to the same buffer, but with 50 uM NiCL. In this case, the
Ni** bound to the POPS lipids in the SLB and quenched the
nearby TR-DHPE molecules. This result is analogous to
previous experiments with Cu*>"." Exposing the bilayer to 1
mM ZnCl, as well as 50 uM NiCl, unquenched the TR-
DHPE (right channel). This turn-on in fluorescence signal
was ion-specific, as exposing the same bilayers to buffer
containing 50 uM NiCl, and 10 mM CaCl, did not lead to a
full recovery of TR-DHPE fluorescence intensity (Figure
S1). These experiments demonstrated that sufficient con-
centrations of Zn** can out-compete Ni** for binding sites
on PS lipid headgroups. It should be noted that the
changes in the fluorescence only occurred in the presence
of PS lipids. In fact, bilayers containing only PC and TR-
DHPE showed no change in fluorescence intensity when
exposed to NiCl, or ZnCl, (Figure S2).



Exposing the SLB to increasing concentrations of Zn**
while holding the Ni** concentration constant caused the
fluorescence of TR-DHPE to increase gradually before plat-
eauing at the initial fluorescence intensity prior to being
quenched by Ni** (Figure 2C). By fitting this fluorescence
increase as a function of Zn** concentration to a Langmuir
isotherm (see SI for details on curve fitting), it was possible
to measure the apparent dissociation constant of the Zn**-
PS lipid complex in an SLB containing 20 mol% POPS li-
pids in the presence of 10 pM Ni** (Figure 2C, black data
points). The apparent dissociation constant measured in
competition with Ni** is referred to as Kpcom. As expected,
for competitive binding, Kpcom weakened from 190 + 39 uM
to 1.1 £ 0.25 mM as the concentration of Ni** was increased
from 10 pM to 200 pM (Figure 2C, red data points). The
intrinsic dissociation constant for the Zn**-PS complex in
the absence of Ni** (Kpint) could be extrapolated by meas-
uring Kpcom values at various Ni** concentrations (Figure
2D, additional binding curves in Figure S3). The measured
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Kbcom value increased linearly with increasing Ni** concen-
tration, and should vary with Ni** concentration according
to Eq. 1:
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D

In Eq. 1, [Ni**] is the concentration of Ni** in bulk solution

and Kgiuis the dissociation constant for the Ni**-PS com-
plex. Fitting Eq. 1 to the data points in Figure 2D yields a
Kpine value of 100 pM * 33 pM, a reasonable dissociation
constant based on measured affinities of other divalent cat-
ions for PS lipids® and the Irving-Williams series.®® The

Kgiuvalue of 37 + 15 uM obtained from the linear fit is also
reasonable when taking into account surface charge effects
(Figures S4 and Ss as well as the associated discussion).
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Figure 3. An SLB composed of 30 mol% POPS / 69.5 mol% POPC and 0.5 mol% TR-DHPE imaged at (A) o minutes, (B) 10 minutes
and C) 120 minutes after the introduction of 100 pM Zn>*. The scale bar in the images are u5 pm in length. (D) A spot from the
same bilayer imaged under 100x magnification. The scale bar for this image is 12 pm in length, and the red arrow points to a region
on the SLB with decreased fluorescence intensity. (E) A fluorescence intensity line scan across the dashed white line in (D). The
inset is a zoom in of the fluorescence intensity directly adjacent to the bright spot. (F) NBD-PE fluorescence micrograph from an
SLB composed of 30 mol % POPS / 69.5 mol % POPC and 0.5 mol% NBD-PE exposed first to 100 pM Zn>* and then to A647
fibrinogen. (G) An image of A647 fibrinogen after washing the same bilayer with buffer. The length of the dashed white lines in
both F and G is 35 pm. (H) The fluorescence intensity of both NBD-PE and A647 fibrinogen over the dashed white lines in F and

G. All experiments were performed at 295 K.

Zn** Binding to PS Lipids Causes Membrane Blebbing.
From the binding curve measurements, it was noticed that
micrometer-sized bright spots formed on the surface of the
SLB upon exposure to Zn**. To explore this further, SLBs
were formed with 30 mol% POPS / 69.5 mol% POPC and
0.5 mol% TR-DHPE on glass coverslips and exposed to 100
MM Zn?*. It should be noted that the increase in POPS con-
centration from 20 mol% to 30 mol% was made in order to
maximize the observed number of bright spots.

The bilayer was initially uniform in its appearance (Figure
3A), but bright spots began to appear several minutes after
being exposed to Zn** (Figure 3B). The number density and
size of the spots increased over time before reaching a
steady state after about 2 hours (Figure 3C). In the absence

of Zn*, the bilayers did not change in appearance over the
same 2-hour timespan (Figure S6). Imaging the SLBs at
higher magnification revealed that regions of decreased
fluorescence intensity also appeared on the bilayer surface
(Figure 3D, red arrow). Moreover, a line scan across the mi-
crograph at high magnification (Figure 3E, across the
white-dashed line in Figure 3D) showed that the fluores-
cence intensity of a typical bright spot was between one
and two orders of magnitude higher than the surrounding
bilayer. This ratio was determined by comparing the max-
imum intensity from the bright spot in Fig. 3E with the bi-
layer intensity next to it (the inset in Figure 3E shows the
fluorescence level from the adjacent bilayer). These results
suggested that material was transferred from the



surrounding SLB to the smaller regions of bright intensity
upon Zn** exposure.

To test whether the regions of low fluorescence intensity
were holes in the bilayer or domains where the fluorescent
dye was merely depleted, nascently formed SLBs were first
exposed to 100 pM Zn**, and then to 0.001 mg/mL fibrino-
gen labeled with Alexa-647 (A647 fibrinogen, Figures 3F
and 3G). In this case, the SLB was labeled with NBD-PE to
avoid fluorescence resonant energy transfer (FRET) with
A647 fibrinogen.” Dye-labeled fibrinogen is known to stick
to bare glass, but not to lipid bilayers.*° Imaging after wash-
ing away excess fibrinogen revealed that the protein ad-
sorbed to the dark spots but not to the bilayer surface (Fig-
ure 3F and 3G). A line scan across the micrograph revealed
that the intensity from A647-fibrinogen and NBD-PE were
anticorrelated (Figure 3H), indicating that the dark regions
were in fact holes in the SLB.

o
N

Nk . .y >1.0
Pre-bleach 0 Minutes 100 Minutes. g
1]
0.8
-4
8
c 06
]
Q
wv
204
o
=]
o
€
—
]
=2

o
o

mﬁi

f/

The formation of bright spots upon exposure to Zn*" was
limited to bilayers containing PS lipids. In fact, bilayers
containing other negatively charged lipids, like 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)
(POPG), did not form bright spots under similar condi-
tions (Figure S7A). Also, the exact nature of the alkyl chain
tails was not particularly important for spot formation
(Figure S7B). Bright spots, however, did not form if the li-
pids were in the gel phase (Figure S7C). Most importantly,
the formation of bright spots was found to be cation spe-
cific. Exposing the bilayers to Mg**, Cu**, Ni**, Co** and
Mn* did not cause the fluorescence intensity to become
non-uniform (Figure S8). However, exposing SLBs contain-
ing 30 mol% POPS in POPC to 10 mM Ca** did produce
some bright spots on the bilayer surface. These spots were
not as circular or intense as the bright spots produced upon
the addition of Zn** (Figure Sg).
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Figure 4. An SLB composed of 30 mol% POPS / 69.5 mol% POPC and 0.5 mol% TR-DHPE was exposed to 100 pM Zn>* for 2 hours.
The first image in (A) shows the bilayer immediately before bleaching, the middle image is immediately after bleaching and the
last image is 100 minutes after bleaching. The bleached spot is denoted by a red circle. The scale bar in each image is 24 pm in
length. (B) Normalized fluorescence recovery plotted as a function of time for the bright spot (red squares) as well as for a bilayer
region not containing any spots (black squares). The dashed green lines are single exponential fits to the recovery for these two
regions. (C) A tapping mode AFM micrograph of a 3D bleb from the bilayer after exposure to 1 mM Zn?*. The white scale bar in the
image is 750 nm in length. (D) The height profile for the feature over the white line scan in (C). (E) Images of a spot immediately
prior to exposure to Tris buffer containing 100 pM EDTA and at 112 sec, 180 sec and 1483 sec after introducing 100 pM EDTA. The
scale bar in the image is 8 pm in length. All experiments were performed at 295 K.

The Bright Spots Show Fluorescence Recovery. Fluores-
cence recovery after photobleaching (FRAP)* experiments
revealed that the bright spots represented regions on the
membrane surface that were two-dimensionally fluid and
connected to the rest of the SLB. After photobleaching, the
fluorescence of the bright spots recovered over time (Fig-
ure 4A). The speed of fluorescence recovery, however, was
significantly slower for these spots than for regions of the
SLB adjacent to them (Figure 4B). The recovery curve from
the bright spots fit well to a single exponential function,
from which the mobile fraction and diffusion coefficient of
the TR-DHPE fluorophores in the bright spot could be ob-
tained (see SI for details of the FRAP analysis). The diffu-
sion coefficient and mobile fraction from the bright spots
were 0.027 +0.003 pm?*/s and 93 6%, respectively, whereas
the diffusion coefficient and mobile fraction from the

surrounding bilayer were 0.83 +0.06 pm?/s and 93 +3%. As
such, the apparent diffusion constant in the region of the
bright spot was 31+4 times slower than diffusion through-
out the rest of the SLB, although the mobile fractions were
similar.

The slow diffusion coefficient suggested that the bright
spots were either two-dimensional liquid-crystalline do-
mains or three-dimensional blebs budding off the surface.
This ambiguity was resolved using underwater tapping
mode atomic force microscopy (AFM, see SI for details),
which clearly showed the presence of protrusions from the
bilayer surface that were hundreds of nm tall (Figures 4C
and 4D). These features were not observed in bilayers that
were not exposed to Zn**. Due to their three-dimensional
nature, these features could be described as lipid blebs.



Bleb formation could be partially reversed by exposing the
bilayers to 100 uM EDTA (Figure 4E). As can be seen, unu-
sually shaped blebs and vesicle features were observed dur-
ing the dissolution process. Specifically, the image at 12
seconds shows a tubule budding off from the bright spot,
while several round structures appear to form at 180 sec-
onds.

Constructing Histograms. The fluorescence intensity
from the blebs was many times greater than the surround-
ing bilayers. A histogram of the maximum fluorescence in-
tensity of each bright spot revealed a Gaussian distribution
with a mean that was 18 times as bright as the surrounding
SLB (Figure 5A). A histogram of the two-dimensional area
of a bleb fit to a log-normal distribution (Figure 5B, see SI
for fitting details). The mean area of the blebs was 29 + 1
pm?. Assuming the fluorophore density per unit area was
equal for both the blebs and the adjacent SLB, the total flu-
orescence intensity over all pixels from a bleb (Intensity
Sum, Figure 5C) plotted as a function of bleb radius,
matches the predicted intensity for unilamellar vesicles of
varying radius (red line in Figure 5C). Details for the model
of unilamellar bleb intensity are provided in the SI.
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The density of the blebs formed on the SLB was dependent
upon the concentration of Zn** in the buffer above the sup-
ported bilayer. For bilayers containing 30 mol% POPS,
blebs appeared on the bilayer surface at Zn** concentra-
tions as low as 25 pM (120 + 21 dots/ mm?) (Figure 5D). The
density of spots increased with Zn>* concentration up to
2660 * 520 spots/mm? for SLBs exposed to 1 mM Zn**. As
can be seen, the spot density increased as a function of Zn**
concentration similarly to a binding curve, and could be
well-fit to a Langmuir isotherm (red curve in Figure 5D)
with an equilibrium dissociation constant of 87 pM , which
is quite close to the 100 pM Kppe value determined by the
Ni**-Zn** competition assay (Figure 2). The bleb density
was also dependent on the concentration of PS lipids in the
membrane. Figure 5E plots the number of blebs formed per
mm? of bilayer upon exposure to 100 M Zn**. No blebs
were formed when the PS concentration was less than 10
mol%. However, the density of spots increased exponen-
tially above this concentration (the red line is an exponen-
tial fit to the data).
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Figure 5. (A) A histogram of the maximum fluorescence intensity normalized to the intensity of the surrounding SLB for 324 blebs
from three separate SLBs. The black line is a Gaussian peak fit to the data. (B) A histogram of the spot area taken from the same
324 blebs in (A). The black line is a log-normal fit to the data points. (C) Plot of the Intensity Sum for all pixels in the images of
128 individual blebs as a function of bleb radius. The red line represents the value of the expected bleb intensity as a function of
the radius determined from a model for unilamellar bleb formation (see Intensity Model for a Unilamellar Bleb Formed on a
Supported Lipid Bilayer in the SI). (D) The number density of spots formed on an SLB containing 30 mol% POPS exposed to buffer
containing different concentrations of Zn**. The red line is a Langmuir isotherm fit to the data. (E) The number density of spots
formed on SLBs containing increasing concentrations of POPS lipids exposed to 100 pM Zn?*. The red line is an exponential fit to

the data. All experiments were performed at 295 K.



Mechanism of Ion Specificity for Bleb Formation. In a
last set of experiments, vibrational sum frequency spec-
troscopy (VSFS) and surface pressure-area isotherms were
employed to study the molecular level interactions in-
volved in Zn** binding to PS. Langmuir monolayers of 1,2-
dilauroyl-sn-glycero-3- phosphoserine (DLPS) were ex-
posed to ZnCl,, CaCl,, MgCl, and CuCl,, respectively, in the
subphase. DLPS was used in these experiments instead of
POPS to avoid oxidation of the alkyl chains.>* The salt con-
centrations were chosen to be above the Kp values for the
respective ions. The phosphate symmetric stretch fre-
quency around 1105 cm™ was found to change in an ion-
specific manner (Figure 6A). In fact, changes in the inten-
sity, peak width, and center frequency could be observed
depending on the nature of the cation. Modulation of the
intensity and peak width was largely governed by a combi-
nation of changes in orientation and ordering of the phos-
phate moiety within the monolayer as the various salts
were introduced.®>* More significantly, the center fre-
quency exhibited a blue-shift when the cations formed
contact pairs with the phosphate group.>+>® The frequency
remained unchanged, however, for cations that formed
solvent shared ion pairs with the phosphate group or did
not interact with it at all.

As can be seen in Figure 6A, the addition of 1 mM Zn** or
10 mM Ca** to the subphase blue-shifted the phosphate
symmetric stretch by 13 cm™and 7 cm?, respectively, with
respect to conditions without added salt (Figure 6A, red
(Zn**) and dark green (Ca**) spectra vs. the black spec-
trum). By contrast, Mg>* ions did not shift the phosphate
symmetric stretch frequency (pink spectrum in Figure 6A).
The lack of a spectral shift in this case is consistent with
Mg** binding to the phosphate moieties via a solvent
shared ion pairing interaction.”® The phosphate symmetric
stretch spectrum in the presence of 100 pM Cu** ions (blue
spectrum in Figure 6A) agrees with existing information on
the formation of a square planar complex between Cu®*
and two carboxylate and two amine moieties on adjacent
lipid headgroups."™3° Namely, there was no shift in the
phosphate symmetric stretch frequency, as Cu** did not
bind to the phosphate moiety. All the ions tested here were
found to interact with the carboxylate moieties on the
headgroup (Figure S10). Analysis of the carboxylate stretch,
however, is more convoluted because of overlap between
the COO™ and C-H modes in this spectral window.>'

>

Normalized VSFS Intensity
2
&

)

—DLPS
—DLPS + 10 mM Ca2*
——DLPS + 10 mM Mg2*
—DLPS + 100 uM Cu?*
—DLPS + 1mM zn2*

00 epve
1040 1080 1120 1160 1200
Wavenumbers (cm™)

B)

T o
> ——DLPS

= 754 ——DLPS + 1mM znZ*
Y 60 ——DLPS + 10mM Ca2*
= 2+
5 ——DLPS + 10mM Mg
a 451 DLPS 2+
O — +1mM Cu

| ..

a 30

3

8 154

| -

a 0-

02 04 06 08 10 12 14 16
Area per Molecule (nm?)

Figure 6. (A) VSFS spectra of the phosphate stretch from
DLPS monolayers in the absence (black) and presence of
different divalent metal cation chloride salts. The dashed
black vertical lines highlight the blue shift that is seen
upon the addition of CaCl, and ZnClL,. The surface pressure
was fixed at 30 mN/m in all cases. (B) Surface pressure-area
isotherms of DLPS monolayers in the absence and pres-
ence of the same divalent metal cation chloride salts. All
experiments were performed at 295 K. See the SI section
for details on the salt concentrations that were employed
in these experiments as well as for additional information
the interpretation of the VSFS spectra.

Since the VSFS spectra indicated that Zn** and Ca** formed
contact ion pairs with the phosphate moieties, the ques-
tion arises as to whether these ions can also alter the aver-
age area per lipid headgroup, as this would help induce
membrane curvature and blebbing.3*33 To address this
question, surface pressure-area isotherm measurements
with DLPS monolayers were made in the presence and ab-
sence of all four divalent cation salts (Figure 6B). DLPS
monolayers in the absence of divalent cations gave rise to
a simple liquid expanded phase throughout the course of
compression (black curve).3* As can be seen, the addition
of Zn** and Ca** caused the biggest decrease in lipid head-
group area, followed by Mg?*. By contrast, the area per lipid
headgroup in the presence of Cu** did not change signifi-
cantly, which is consistent with Cu** binding to PS lipid
headgroups without neutralizing their negative charge.”
As such, the Cu**-PS lipid complexes remained electrostat-
ically repulsive. This was not the case for Ca**, Mg** and



Zn**, which neutralized the charge on the PS lipid head-
groups, making the monolayers easier to compress.

The isotherms revealed that all ions induced a phase tran-
sition from the liquid expanded to the liquid condensed
phase (plateau regions in Figure 6B just below 0.6 nm?).35
Critically, the plateau occurred near 30 mN/m with Zn**,
but around 37 mN/m with Ca**. As such, Zn** is more ef-
fective than Ca** at decreasing the area per lipid. This may
explain why Zn** is also more effective at bleb formation
compared with Ca**. At the molecular level, this may be a
result of a difference in the ratio of ion binding to phos-
phate versus carboxylate moieties, but a slight affinity of
Zn** for the amine group may also contribute, which is not
the case for Ca**.?83¢ Finally, Mg** and Cu** were only able
to induce the liquid expanded to liquid condensed phase
transition at very high two-dimensional pressures (above
45 mM/m). This is consistent with the need for contact ion
pair formation with phosphate groups in order to induce
lipid area contraction at lower two-dimensional pressures.

Discussion

The Physical Chemistry of Zn**-Induced Lipid Blebbing

from Supported Bilayers. The data provided above
demonstrate that Zn** binds to PS lipid headgroups, form-
ing a complex with a dissociation constant of ~100 pM.
Consistent with the Irving-Williams series, first row tran-
sition metal ion binding affinities follow the order: Zn** <
Ni** < Cu>*."® Nevertheless, amongst these three ions, only
Zn** induces extensive membrane blebbing. To a lesser ex-
tent, Ca** can also induce blebbing, but Mn**, Co** and
Mg** do not. The finding for Ca** is consistent with recent
work demonstrating that this ion induces membrane
bending in giant unilamellar vesicles (GUVs) containing PS
lipids much more effectively than Mg>*33 As proposed
herein, it should be contact ion pairing with the phosphate
moiety and the concomitant contraction of the area per li-
pid that leads to blebbing (Figure 1).

The glass coverslips, upon which supported bilayers sit, are
negatively charged.?” As such, more than half of the PS lipid
should reside in the outer bilayer leaflet of a supported bi-
layer on electrostatic grounds.3® Moreover, divalent cations
will encounter the outer leaflet first. When Zn*>* binds to
PS lipids, the area per lipid in the outer leaflet will shrink,
while the area per lipid on the inner leaflet will remain es-
sentially unchanged (Figure 1A). Membrane bending oc-
curs in order to accommodate this asymmetric area change
(Figure 1B). This is what ultimately causes the bilayer to
start peeling away from the glass surface. Such changes
eventually lead to the rolling up of the membrane into
unilamellar blebs (Figure 1C). Since supported bilayers
contain edge defect sites®, these are the logical starting
points from which blebs should nucleate.

While two-dimensional phase separated domains form
readily on supported bilayers, the formation of stable
three-dimensional lipid blebs is surprising as the adhesion
energy of bilayers to the glass surface is significant.*> The
driving force to form membrane blebs is evidentially quite
substantial, as seen by the appearance and growth of holes

in the SLB as blebs form and grow (Figure 3D). As a check
to test whether the free energy change which occurs when
Zn** binds to PS lipids is sufficient to cause blebbing, the
energy required to delaminate a bilayer from the glass sur-
face was calculated. This calculation used the average sur-
face area of a bleb (29 um?) and also took into account the
energy required to bend a patch of bilayer into a lipid ves-
icle (see SI for details). The calculated energetic cost of
bleb formation, 23 fJ, is 40 times less than the binding en-
ergy of Zn** to an SLB containing 30 mol% PS lipids (-9oo
f]), which was calculated by using the measured dissocia-
tion constant of 100 uM at 295 K. As such, the bleb for-
mation process is expected to be thermodynamically favor-
able.

Biological Relevance of Zn** Binding to PS Lipid Head-
groups. Like the SLBs used in these experiments, cell
membranes are asymmetric, with essentially all the PS li-
pids found in the cytoplasmic leaflet.# The concentration
of labile intracellular Zn** is tightly regulated and is nor-
mally in the picomolar concentration range.#* Therefore,
Zn** should not be bound to PS lipids on the plasma mem-
brane under most instances. Indeed, one reason to regulate
the concentration of intracellular Zn>* may be to prevent it
from interacting with cellular membranes and adjusting
their physical properties. On the other hand, it is known
that Zn** prevents Fe** mediated lipid oxidation via a mech-
anism that is still not well understood.® Our results sug-
gest that this antioxidant effect could be due to the ability
of Zn** to compete for binding sites on the lipid membrane
with metal ions that produce reactive oxygen species (e.g.
Cu?* or Fe**) under circumstances where the concentration
of both types of ions is elevated.

While tightly regulated, there are specific locations where
labile intracellular Zn** is found at high concentration.'#+*
One of the best characterized areas where labile Zn** can
be found is in axon terminals of neurons in the forebrain.
This pool of intracellular labile zinc ions is contained in
synaptic vesicles, reaching mM concentrations.*># Specif-
ically, labile Zn** is stored in vesicles in mammalian oo-
cytes. The concentration of Zn* in these vesicles has been
reported to be 200 mM."* While the lipid composition of
vesicles found in oocytes is not known, the lipid mem-
branes of synaptic vesicles contain 12% PS lipids.* As such,
Zn** should be bound to PS lipids in such vesicles and may
help induce membrane blebbing.

The contents of both synaptic vesicles and zinc-containing
vesicles in oocytes are released outside the cell via exocy-
tosis. Zn** bound to the lipid membranes of these vesicles
may change the physical properties of the bilayer, and
thereby modulate fusion with the cytoplasmic lipid mem-
brane. Finally, Zn** induced changes to the physical prop-
erties of the lipid membrane are also likely to alter the
function of membrane proteins, either by preventing posi-
tively charged proteins from binding to the membrane sur-
face or by changing the phase of the lipid membrane. In-
deed, cells might utilize Zn** fluxes to convey information
in significant ways by altering the physical properties of li-
pid membranes.



Conclusion

This work demonstrates that Zn** can bind to phosphati-
dylserine lipid headgroups forming a complex with a dis-
sociation constant of approximately 100 pM. Such binding
can induce membrane blebbing. Chemically specific crite-
ria were also determined by which bivalent metal cations
can induce lipid blebbing. First, an ion should bind via con-
tact ion pairing to the phosphate moiety on the headgroup
and neutralize the charge on the bilayer. Second, the ion
must change the average area per lipid headgroup in order
to bend the bilayer. These rules point to Zn>* having a spe-
cial ability to induce blebbing, although Ca** can do this to
a lesser extent. Going forward, the ability of Zn** to act as
a secondary messenger by changing the physical properties
of lipid membranes in vivo should be explored.
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