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Abstract. The possible role of electrostatic interactions
for membrane binding and pore formation of annexin V
has been analysed on the basis of a simple dielectric mod-
el. It is suggested that the binding of phospholipids to
annexin V is regulated, at least initially, by the protein’s
electrostatic potential. The calculations show that a
strong local gradient of the electrostatic potential exists
at the membrane-protein interface and a membrane pore
may be generated by electroporation. The observed
specificity and regulation of ion conduction is suggested
to reside in the protein part of the pore. On the basis of
the three-dimensional structures of the protein and its
hypothetical membrane complex, and electrophysiologi-
cal measurements, a mechanical model of the transmem-
brane voltage regulation of the annexin’s ion conduction
properties is proposed.
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Introduction

Annexins form a large family of calcium and phospho-
lipid binding proteins found in a variety of organisms and
cell types. Annexin V (also named endonexin II or vascu-
lar anticoagulant «) is an intensively studied member of
this family. This protein is very soluble in water and asso-
ciates with membranes in a Ca®?* dependent manner
(Schlaepfer et al. 1987; Andree et al. 1990). Membrane
binding requires the presence of acidic phospholipids,
such as phosphatidylserine (Schlaepfer et al. 1987). Once
bound to the membrane, annexin V forms a calcium selec-
tive voltage-gated cation channel with prominent selec-
tivity for Ca* ions (Rojas et al. 1990).

The determination of the molecular structure of water
soluble annexin V as three-dimensional crystals (Huber
et al. 1990a, b) and of phospholipid bound annexin as
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two-dimensional layers (Brisson et al. 1991; Mosser et al.
1991) provide a basis for a better understanding of the
phenomena mentioned above. It has been found that the
molecule of annexin V is folded into four domains ar-
ranged around a central axis with approximate two-fold
symmetry which marks a hydrophilic region in the
protein core. We associated this structure with the Ca?™*
permeable channel (Huber et al. 1990 a). Moreover, three
calcium and two lanthanum binding sites have been iden-
tified. All these ions are bound to the convex face of the
protein. This, along with other arguments summarized by
Brisson et al. (1991), strongly suggest that this face is the
membrane-protein interface. The central hydrophilic
channel is normal to the membrane plane.

The adsorption of annexin V to a phospholipid mono-
layer increases the surface pressure (Berendes et al. un-
published results) indicating partial penetration of the
protein into the membrane or rearrangement of the phos-
pholipid layer by some other mechanism in the contact
region. No experimental evidence of the detailed mode of
annexin phospholipid binding is available but the struc-
tural similarity of the calcium binding loops of annexin V
to phospholipase A, (Huber et al. 1990b) suggests simi-
larities in phospholipid binding mode, i.e. Ca’?*-phos-
phoryl moiety coordination.,

The accurate structural definition of the protein part
contrasts the lack of information about the membrane
structure as a basis for its ion permeability. We have
suggested that binding of phospholipids to the protein
and calcium ions may destabilize the membrane part
(Brisson et al. 1991). It is also known that an external
electric field may cause structural reorganization of the
membrane, leading to reversible pore formation (electro-
poration) (Sugar and Neumann 1984; Sugar et al. 1987,
Schlaepfer et al. 1987). Neumann (1988) has analysed the
parameters determining the pore formation and has
shown that pore opening occurs if a threshold transmem-
brane voltage V, is achieved. The value of ¥, depends on
the duration of the applied external electric field: for short
pulses (duration about 10 us) V¥, is between 0.5 and 1 volts,
for longer pulses (=0.1 ms) it is reduced to 0.2—0.5 volts.
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In this paper we analyse the role of electrostatic inter-
actions in membrane binding of annexin V and their effect
on the membrane, using a simple dielectric model: the
membrane and the protein were treated as a medium with
a low dielectric constant surrounded by the solvent as a
medium of high permittivity. The spatial distribution of
the protein electrostatic potential was calculated for this
system using the finite difference algorithm for the numer-
ical solution of the Poisson-Boltzmann equations devel-
oped by Honig and co-workers (Klapper et al. 1986;
Sharp and Honig 1990).

The calculations show that electrostatic interactions
play an essential role in membrane-protein binding:
The highest three maxima of the electrostatic potential in
the membrane-protein interface were found in the vicinity
of the three protruding calcium-binding loops of the
protein. They probably constitute the putative anionic
phospholipid binding areas. A strong gradient of the elec-
trostatic potential was obtained across the membrane. A
large area of the protein-membrane interface, including
also the La®* binding sites, was found to have a potential
value equal to or more negative than —0.2 volts, suggest-
ing the possibility of electroporation. The analysis of the
salt bridges in the central hydrophilic protein cavity
showed that small changes of the conformations of the
participating groups may lead to a widening of this cavity
thereby altering the ion conduction properties. On this
basis we present a mechanical model of the voltage-gated
channel and correlate its properties with electrophysio-
logical data.

Method of calculations

The calculations of the electrostatic interactions were
based on a simple macroscopic dielectric model. The
scheme of the model is shown in Fig. 1. The protein and
the membrane moieties were represented as a continuum
with low dielectric constant surrounded by the solvent
with ¢=78. There are a variety of investigations suggest-
ing values of the protein dielectric constant between 2 and
50 (Warshel et al. 1984; Gilson and Honig 1988; Naka-
mura et al. 1988). The theoretical investigations made by
Gilson and Honig (1986) give a value between 2.5 and 4.
The higher values of ¢ mentioned in the literature are
effective values and are often extracted from effects such
as the change of pK of the titratable groups (Sternberg
et al. 1987; Russell et al. 1987), or reduction of the energy
of electrostatic interactions in respect to vacuum. In fact,
a high effective dielectric constant may be obtained by
models using low permittivity for the protein (dielectric
cavity models) and it reflects the screening effect of the
shape of the solvent/protein boundary (Jayaram et al.
1989). Therefore, a value between 2 and 4 is appropriate
for the low dielectric moiety in our model.

The membrane of thickness 40 A is in contact with the
convex face of the protein by direct interaction of the
calcium ions with the phosphoryl moiety of the phospho-
lipid. Accordingly, the proximal leaflet of the membrane
was chosen to lie in the plane defined by the coordinates
of the three calcium ions. Thus, in our model complex the
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Fig. 1. Scheme of the dielectric model used in the calculations of the
electrostatic potential. The protein molecule and the membrane are
assumed to be media with low dielectric constant (¢=2) surrounded
by the solvent (¢="78). The calculations of the electrostatic potential
in the protein-membrane interface region have been carried out in
box A by including the whole protein and the proximal part of the
membrane. The final calculations have been made in a box
97x97x97 A and grid 1.5 A. The calculations of the electrostatic
potential in the membrane have been performed in box B which also
includes the distal side of the membrane (final box size 92 x 92 x
92 A, grid 1.4)

protein molecule penetrates the membrane by 6 A mainly
with the hydrophobic residues Ala 103, Ala 262, and
Leu 31 which protrude from the calcium-binding loops
and may interact with the hydrocarbon part of the mem-
brane.

The electrostatic potential was calculated on the basis
of the numerical solution of the Poisson-Boltzmann
equations using the finite difference algorithm developed
by Honig and co-workers (Klapper et al. 1986; Sharp and
Honig 1990). The charge constellation of the proteins was
defined only by the charges carried by the ionizable
groups and the three calcium ions. The calculations were
performed for an ionic strength of 0.1 at pH 7.0. At this
pH all charged groups have positive or negative charges
of unity except the histidines and the amino-terminus.
The intrinsic pK of histidines is about 6.3 but may change
owing to the environment in the protein (Sternberg
et al. 1987; Delepierre et al. 1987; Spassov et al. 1989;
Karshikov et al. 1989). We therefore calculated the pK,
and hence the charges of these groups using the fast
computational procedure described by Karshikov et al.
(1989). The charge values used in the calculations are
listed in Table 1.

Two runs of finite difference calculations were carried
out. The purpose of the first one was to localize the max-
ima of the positive electrostatic potential as a possible
location of the anionic phospholipid headgroups. The
computations were performed in a box including the
protein molecule and the proximal leaflet of the mem-
brane. In this case the clectrostatic potential on the
protein-membrane interface was calculated. This inter-



Table 1. Charge values used in the calculations of the electrostatic
potential

Atom type® Residue Charge®
N N-trm 0.83
(0] C-trm —0.5
OXT C-trm —0.5
Nz lys 1.0
NH1 arg 0.5
NH2 arg 0.5
OE1 glu —-05
OE2 glu —05
OD1 asp —-0.5
0oD2 asp —05
ND1 His 98 0.05
NE2 His 98 0.05
ND1 His 205 0.25
NE2 His 205 0.25
ND1 His 267 0.13
NE2 His 267 0.13
CA Calcium 2.0

2 Atom types are given according to the Brookhaven Protein Data
Bank (Bernstein et al. 1977)
® The charge values are given in protonic units

face was determined by the plane of the proximal mem-
brane leaflet and the surface of the protein atoms accessi-
ble to a counteratom with radius of 3 A (the approximate
radius of a phospholipid headgroup).

The second run included the protein molecule, the
entire membrane, and the solvent behind the distal leaflet
of the membrane (see Fig. 1). The charges of the anionic
phospholipid headgroups obtained from the first run
were also included in the calculations. Coulombic bound-
ary conditions (Klapper et al. 1986) were applied for both
runs. Each run was repeated using two step focussing
calculations (Gilson et al. 1987).

The calculations were carried out for two values of the
low dielectric constant, e=2 and ¢=4, and for two values
of the membrane thickness of 36 A and 40 A. Essentially
similar results were obtained. For further analysis ¢=2
and a membrane thickness of 40 A were chosen. The finite
difference calculations were performed with the program
package DELPHI (Klapper etal. 1986; Gilson et al.
1985). Minor changes of the program were made which
allow a representation of the electrostatic potential using
FRODO (Jones 1978) graphic facilities.

Results and discussion

The main goal of our study was to analyse the role of
electrostatics in annexin V — membrane interactions. It is
known that this protein binds to membranes containing
anionic phospholipids (Schlaepfer et al. 1987; Andree
et al. 1990). The presence of these charged groups in the
membrane-protein contact region may change the poten-
tial within the membrane, so that we first attempted to
determine their positions.
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Ala 103

Fig. 2A-D. Locations of the phospholipid negative charges deter-
mined according to the maxima of the electrostatic potential in the
protein-membrane interface. A The global electrostatic potential
maximum (peak 1) in the vicinity of CaZ*; B and C The positions
of the second (peak 2) and the third (peak 3) maxima are close to
Ca3™ and Ca}* respectively; D stereo view of the main chain fold-
ing of annexin V with the Ca** binding sites (little dotted spheres)
and the putative location of the negatively charged phospholipid
headgroups (large dotted spheres)

Binding of phospolipids to annexin V

The search of the probable positions of the membrane
charges was made on the basis of the electrostatic inter-
actions. The positions of the maxima of the electrostatic
potential on the membrane-protein contact surface were
assumed to be the locations of the negatively charged
phospholipids. The global, second and third maxima are
situated close to Ca3™, Ca}™, and Ca?* respectively, as
shown in Fig. 2. These positions have been suggested as
phospholipid binding sites (also on the basis of structural
considerations (Huber et al. 1990b)) and are assumed to



340

present the anionic phospholipid binding sites for the
following calculations.

A model for annexin membrane interaction

Calculations of the electrostatic potential in the bilayer
(box B in Fig. 1) were performed by including the three
negatively charged phospholipid groups. The coordinates
of these charges correspond to the three highest maxima
of the electrostatic potential in the membrane protein
interface as described above (see Fig. 2). The distribution
of the electrostatic potential in the membrane space is
characterized by a strong asymmetry (Fig. 3). In the re-
gion adjacent to the module (IL, III) (right hand side in
Fig. 3) the electrostatic potential disappears close to the
membrane-protein interface. The space adjacent to the
module (I, IV), however, is characterized by a negative
electrostatic potential, which reaches the distal leaflet of
the membrane with a maximal value of 0.01 V. A large
patch of negative electrostatic potential equal to or stron-
ger than —0.2V is observed at the protein-membrane
interface, which covers almost all of domain I and in-
cludes the two La** binding sites (Fig. 4). A smaller patch
is seen on the protein-membrane surface between the
domains IT and IIL

It is known that an external electric field can invoke
distortion of the membrane or formation of a membrane
pore (Sugar and Neumann 1984; Sugar et al. 1987; Neu-
mann 1988). Neumann (1988) has shown that a voltage of
0.2 to 0.5 V is sufficient if the external electric field acts on
the membrane for more than 0.1 ms. The electrostatic
field calculated above reaches these values and may there-
fore cause structural changes of the membrane similar to
those in electroporation experiments. The distortion of
the membrane area by annexin V binding is reflected by
phospholipid monolayer experiments showing a substan-
tial increase of the surface pressure (Berendes et al. un-
published results). Hence, we suggest that the specific cal-
cium phospholipid interactions, which may be similar to
those in phospholipase A ,, and the non-specific effects of
the protein electrostatic field lead to local membrane re-
organization and permeability change.

The La3* binding sites are situated at the bottom of
the penetrable part of the membrane (the pore) in the
region of the strongest potential (Fig. 4). They may re-
present intermediate binding sites for Ca®* in transit

Fig. 3. Stereo view of the zero equipotential
surface within the membrane. The space above
domains I and IV (left hand side, see the scheme
in the lower part of Fig. 4) is characterized by
negative potential. Above domains 1T and IIT
the potential disappears close to the protein-
membrane interface (right hand side). The axis
normal to the membrane marks the hydrophilic
region in the protein core

Fig. 4A, B. Stereo view of the main chain folding of annexin V
perpendicular to the membrane plane. The dotted surface embraces
the protein-membrane interface region with electrostatic potential
equal to or stronger than —0.2 V. The calculations were carried out
in the presence of Ca?*, Ca*, Cal* and the charges of the three
negative phospholipid head groups. The Roman numbers indicate
the four domains of the protein as shown in the scheme in B

through the channel. If occupied by La3* ion flow may be
inhibited: For example, 100 uM La3* inhibits the Ca?*
current through annexin V (Berendes, unpublished re-
sults), supporting a competition between La3* and Ca?™*
for the intermediate binding site.

Model of the voltage gated ion channel

The proposed model of the annexin V — membrane inter-
actions suggests that specificity and regulation of the ion
conduction channel reside in the protein part. The analy-
sis of kinetic data obtained by single channel recording
(the experimental details will be presented elsewhere)
showed that there are at least two open and two close
mean times which exhibit a strong voltage dependence
(Fig. 5). The existence of two mean life times implies two



A
»
E
o
E 40
c
o
g. 30 }:
g 20- ! I
o
£ i II
{t .1 I
10 o1 T i
= x -'
0 .l = Ll L
-150 -75 0 75 150
B Vp [mV]
120
100 1 1
g
= 80
o ¥ 1
E
5 60- II
n
L/
[$]
c 40J
© Itc2
£
20 1 II I
i x
z = ztc1 =
o '-_. L] L} L] ¥
-150 -75 0 75 150
c v, [mv]

Fig. 5A-C. Voltage-gated channel kinetics. A Steady-state record-
ings of single channel activity at a pipette potential V,= —100 mV;
o: open state, C close state, 1: characteristic long (open or closed)
period, s: characteristic short, burst-like, (oper and closed) period.
B Mean open life times, t,, and 7,,, and C mean close times, 7, and
¢, of recombinant annexin V versus pipette potential. Methods:
liposomes were formed by the freeze-thaw method (Kasahara and
Hinckle 1977) with phosphatidylethanolamine/phosphatidylserine
at a weight ratio of 7: 3. Prior to the experiments, annexin V was
added to the liposome suspension to a concentration of 8 pM. This
preparation was stored. Before use it was further diluted 500 fold.
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Fig. 6. Mechanical model of the voltage gated annexin V channel.
According to the molecular structure of the central pore (see Fig. 8),
an exemplary assignment of the gating charged groups may be the
following: 1 — Arg 271, 2 — Glu 112, 3 — Arg 117, and 4 — Arg 276
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Fig. 7. Voltage dependence of the standard Gibbs free energy of the
transitions between closed and open channel: s — short open and
close life times, 1 - long open and close life times. ¥, means peptide
potential

The measurements were done in the “inside-out” recording mode of
the patch-clamp technique (Hamill et al. 1981). In this configuration,
the incorporated annexin V is in the lipid layer facing the pipette
solution. Symmetrical solutions were used and contained (in mM):
1 CaCl,, 10 tetraethylammonium-HEPES, pH 6.5. The membrane
potential across the bilayer was changed by clamping the ¥, with
respect to the bath. A positive current is defined as net cation flow
from the pipette into the bath. The currents were filtered at 3—4 kHz
and digitized at 1 kHz. Data were analysed off-line with the pro-
gram AUTESP developed by H Zucker (Dept. Neurophysiology,
Max Planck Institute of Psychiatry, Martinsried, Germany)



conformational transitions leading to opening/closing of
the channel. A possible model in agreement with the
structural and kinetic data is shown in Fig. 6 in which the
existence of one open and at least two different closed
states are assumed. The open-closed transitions are regu-
lated by independent opening/closing of two gates. Two
closed gates correspond to the state designated as C, in
Fig. 6. The closed states C; and C, have only one gate
closed while the other is open. The single channel record-
ings show periods with long openings and closings well
separated from burst-like periods with short closings and
openings in the current records of annexin V (Fig. Sa).
These two sets of mean open and mean close life times are
ascribed in the model to the transitions from the states C,
and C, to state 0 (open channel). The transitions C,—C,

Fig. 8A-C. Stereo view of the central
protein cavity. The main chain of the
protein is represented by ribbon. A The
observed conformations of the side
chains are given by thin lines. The sug-
gested model conformation for the open
state of the channel is shown by thick
lines. B The central cavity observed in
crystals and supposed to be the closed
state. The dotted surfaces represent the
accessibility of the protein atoms to a
counter atom with radius 1 A. The cen-
tral cavity is not accessible to external
atoms owing to Arg 271 and Glu 112 at
the side, and to both arginines 117 and
276 at the other side. C Hypothetical
conformations of the charged groups
(labeled in a) allowing opening of the
central cavity

and C,—C, are silent within our single channel measure-
ments. The transitions to the open state can be described
as follows:

1/1(;1 llrcz
C,=—=0 and C,—=0,
110, lizo,

where 75, and 1, are the short open and close mean life
time and 1, and 1., are the corresponding long mean life
times. The rate constants of the above transitions are
the reciprocal values of the mean life times (Colquhoun
and Hawkes 1981). From the equilibrium constants of
the above transitions, K, =1, /1¢, and K, =1,,/7¢,, the
corresponding standard Gibbs free energies 4, G)=
—RTIn (K,) and 4, GY= —RT In (K,) can be obtained.
In Fig. 7, the voltage dependence of 4, GS and 4,GY i



shown. With the increase of the holding potential in both
directions the opened state is increasingly favoured over
the closed state indicating that charged groups or equiva-
lent dipoles participate in the gating process.

We have ascribed the gating properties to the protein
and suggested that the central pore in annexin V is the ion
channel. Applied external voltage may cause module
motion as seen when the P64 and R3 crystal structures
(Huber et al. 19904a, b) are compared. It may also induce
rearrangement of the charged amino acid residues sur-
rounding the pore, which is an incision between modules
(I, IV) and (IL, II1). The funnel shaped pore is formed by
four a-helices and is widely open at the upper end, where
it is in contact with the membrane and constricted at the
opposite end. It is formed by a large cavity (Fig. 8) con-
fined between two ionic clusters, which we associate with
the two gates from the mechanical model. Gate1 is
formed by the salt bridge Arg 271—Glu 112 across the
protein pore and the closely situated Glu 95. The second
gate (gate 2) is constituted by Arg 117 (forming a salt
bridge with Glu 95) and Arg 271 (engaged in strong ionic
interactions with Glu 121 and Asp 280, see Fig. 8a). The
conformation of these groups as observed in the X-ray
structure supposedly corresponds to the closed state C,
(both gates closed) of the channel (see Fig. & b). It is worth
noting that these residues are conserved in all known
sequences of annexins except Glu 95 and 121 which may
also be glutamines. The opening of gate 1 may proceed as
follows: Glu 95 is in close proximity to Arg 271 and an
appropriate candidate for a salt bridge. Thus, Arg 271
may form a new salt bridge with this group thereby
breaking the salt bridge with Glu 112, which becomes
accessible to the solvent and may depart from the ionic
cluster. A similar rearrangement could open gate 2:
Glu 121 may form a salt bridge with Arg 117, breaking its
salt bridge with Arg 276. This exchange is accompanied
with minor conformational changes of Arg 117 and
Arg 276; the latter then approaches 4sp 280 more closely.
This change, possibly stimulated by the presence of the
calcium ion, may be facilitated by the electrostatic repul-
sion of the charges of the two arginines.

A possible conformation of the gating groups in state 0
of the channel is shown in Fig. 8c. It is seen that
drastic conformational changes of the side chains of these
groups are not necessary to open the protein cavity. The
main effect of this rearrangement is the exchange of
the salt bridge partners of two groups: Arg 217-Glu 112
to Arg 217-Glu 95 and Glu121—-Arg 276 to Glu 121
Arg 117, In state O the charges of the participating groups
remain in similar and favorable electrostatic environ-
ments, which suggests that the opening/closing of the
gates is not accompanied by large changes of the electro-
static free energy. This conclusion is in accord with the
measured values of AG, which do not exceed 1.5 kcal/mol
(see Fig. 7). These conformational changes may be cou-
pled with the observed collective “hinged domain mo-
tion” of the protein (Huber et al. 1990b); the calcium rich
structure shows a widening of the central protein pore,
which suggests an enhancement of the flexibility of the
charged groups in this region. Both transitions are en-
ergetically equivalent at negative voltages, but different at
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positive voltages. This asymmetry results from the asym-
metry of the protein and its charge distribution. We are
not able, however, to assign the two mean life times ob-
served to the two gates proposed. We approach this and
other questions by site specific mutagenesis and function-
al and structural studies of the mutants.
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