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ABSTRACT. The functional hallmark of annexins is the ability to bind to the surface of phospholipid
membranes in a reversible, €adependent manner. We now report that human annexin V and hydra
annexin XIl reversibly bound to phospholipid vesicles in the absence &f &dow pH; half-maximal
vesicle association occurred at pH 5.3 and 5.8, respectively. The following biochemical data support the
hypothesis that these annexins insert into bilayers at mildly acidic pH. First, a photoactivatable reagent
(3-trifluoromethyl)-3-m-[123]iodophenyl)diazirine) which selectively labels proteins exposed to the
hydrophobic domain of bilayers reacted with these annexins at pH 5.0 and below but not at neutral pH.
Second, in a Triton X-114 partitioning assay, annexins V and XlI act as integral membrane proteins at
low pH and as hydrophilic proteins at neutral pH; in the presence of phospholipids half-maximal partitioning
into detergent occurred at pd 5.0. Finally, annexin V or Xl formed single channels in phospholipid
bilayers at low pH but not at neutral pH. A model is discussed in which the concentrations afidd

C&* regulate the reversible conversion of three forms of annexsotuble, peripheral membrane, and
transmembrane.

Annexins form a large multigene family of proteins the C&t-dependent peripheral membrane-bound annexins
structurally defined by a conserved core domain consisting undoubtedly describe the structure of a biologically important
of four homologous repeats, each of which contaifi&) form of the protein, they do not, in our opinion, provide a
amino acids 1). Eleven different vertebrate annexin gene structural framework that can explain the ion-channel activity
products have been identified, and they share approximatelyobserved for annexin V and other annexis As discussed
50% amino acid sequence identity in their core domas ( in more detail below, we proposed that annexin-dependent
Each annexin also has a shorter nonconserved amino terminathannel activity is mediated by another form of the protein,
domain. The functional hallmark of annexins is the ability one that is inserted into the hydrophobic core of the bilayer
to bind to phospholipids in a reversible Talependent  in a C&*-independent manneb)

manner {). Although the exact biological functions of In addition to the extensive studies of Talependent
annexins have not been clearly defined, they have beenbinding, there are a few reports of €dndependent as-
implicated in a number of membrane-related events including ggciation of annexins with biological membranes (see the
membrane fusion, vesicular trafficking, and ion-channel (ayiew by Moss in refl). While the biological relevance is
formation (1). not yet clear, recent in vitro studies suggest that'Ca
The X-ray crystal structures of the soluble form of several independent binding of annexins to phospholipid membranes
different annexins all reveal a common backbone fold in 31 pe induced by mildly acidic pH6{-8). Kohler et al.
which each of the four repeats in the core domain contains presented clear evidence that annexin V associated with
five a-helices connected by short loopB.(Two of these  phosphatidylserine-containing vesicles at pH 4.0 in the
loops come together to form each of the “type II"Ca  apsence of G4 but required C& for association at neutral
binding sites §). High-affinity membrane association of pH (7). In a separate study, Rosengarth et al. showed that,
annexins is mediated by the joint coordination o Chy in the absence of @& annexin | increased the surface
these loops and the polar headgroup of phosphatidylserinépressure of phospholipid monolayers at pH 6.0 but not at
on the surface of membrane$ (Although these studies of  pH 7.4, and concluded that annexin | penetration into the

monolayers caused the pressure changgs (
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consistent with the conclusion that the overall backbone fold assay as describedld). The standard assay contained
of the soluble form of the protein that was observed by annexin V or XlI (10ug) and vesicles (1:1000 molar ratio
crystallography was retained when the protein underwent of protein to phospholipid) in a solution (0.5 mL) containing
Cé&'-dependent binding to membranes (Eeind unpub- either CaCQ@ (500uM) or EGTA (500uM). The following
lished results). However, major structural rearrangementsbuffers (100 mM) were used: sodium acetate for pH4.0
clearly occurred at pH 45§. A nitroxide scan of amino acids 5.6, MES for pH 6.6-6.5, and TrissHCI for pH 7.4.
at and around the putative €acoordination site between Repeating the experiments with other buffers showed that
the D and E helices of the second repeat showed that, uporthe results were dependent on pH and not the buffer used.
membrane binding in the absence ofCat pH 4, the helix After a 10 min incubation at room temperature, the solutions
loop—helix motif observed in the crystal structure in this were centrifuged (200@) 5 min) to separate vesicles along
region was converted into a continuauhelix that appeared  with associated protein (pellet) from soluble protein (super-
to be transmembrane. The transmembrane helix was asymsatant). Control experiments at all pH values showed that
metrically solvated with one side facing the hydrophobic core neither annexin V nor annexin XII was found in the pellet
of the bilayer and the other side facing water. Inspection of following centrifugation in the absence of phospholipid
the amino acid sequence around othef'@zinding sites vesicles. Samples were analyzed by SIPAGE followed
revealed several additional putative transmembrane helicesby staining with Coomassie blue and densitometry as
All helices had amphipathic character with Glu and Asp previously describedl@).
residues located at or near the hydrophobic face. Protonation Labeling with'?3-TID. The topography of membrane-
of these acidic side chains would greatly reduce the unfavor-bound annexins was probed wif#1-TID by published
able free energy of transfer from an aqueous environmentmethods {1, 12). Annexin V or Xl (12 ug) was incubated
to the hydrophobic core of the bilayetd). A model was with vesicles (1:1000 molar ratio of protein to phospholipid)
proposed in which protonation of acidic residues in several in a solution (3QuL final volume) containing either CaGO
segments of the annexin Xll conserved core domain triggers (500 uM) or EGTA (500 uM) at the indicated pH as
the formation of amphipathic transmembranéelices which described in the phospholipid vesicle binding assay (see
assemble into a transmembrane structure with a hydrophilicabove). The”?3-TID solutions were diluted with ethanol to
central pore ). a concentration of 4Ci/uL. After protein and phospholipid
We now report a study in which we characterized the pH were incubated for 10 min, 4Ci of *-TID was added,
dependence of membrane association of both hydra annexirénd the solution was incubated for 20 min in the dark. The
Xl and human annexin V and tested the model of membrane sample was then subjected to a 30 min irradiation from an
insertion by two independent biochemical approaches. In ultraviolet light (Minerallight Lamp model UVSL-25, 366
addition, the proposal that several amphipathic transmem-nm) at a distance of 5 cm to generate the reactive carbene.
brane helices come together to form a water-filled p&je ( All incubations were at room temperature. After the incuba-
was tested by determining whether annexin V or XIl could tion, Laemmli SDS sample buffer was added, the samples
induce ion channels in planar lipid bilayers in a pH-dependent were analyzed by SDSPAGE, and the dried gels were
manner. Taken together these studies provide additionalexposed to Kodak XAR film with intensifying screens&0
experimental support for the proposal that annexin XIlI °C, 48 h).
undergoes Krinduced membrane insertion. This study also ~ Triton X-114 Phase PartitioningThe hydrophobicity of
provides the first direct evidence that annexin V inserts into annexins at different pH values was investigated by a
membranes. Membrane insertion of both annexins V and XII previously characterized method involving the partitioning
was reversible, thereby implying that there is an equilibrium of proteins during phase separation in solutions of Triton
between three forms of these proteirsoluble, peripheral ~ X-114 (13). Annexin V or Xl (20 ug) was added to a
membrane, and transmembrarikat is modulated by theH  solution (35xL final volume) containing NaCl (150 mM)

and C&" concentration. and buffer (10 mM) appropriate for the indicated pH (see
above) and either CaG@00xM) or EGTA (500uM). The
MATERIALS AND METHODS indicated solutions also contained vesicles (1:1000 molar
) . ) ratio of protein to phospholipid). Following a 10 min
Materials Recombinant annexins V14) and XII (15) incubation at £C, each sample was added to a solution (175

were expressed and purified as previously described. Phosyg) at the same pH as the sample containing Triton X-114
phat_|dylser|r_1e (bovine brain, catalog no. 840032) and p_hos- (0.5% w/v). The mixture was overlaid on a 300 cushion
phatidylcholine (egg yolk, catalog no. 840051) were obtained of jce-cold sucrose (6% wiv) and Triton X-114 (0.06% wiv)
from Avanti Polar Lipids (Alabaster, AL). The photoacti- i the same buffer and at the same pH as the sample. The

vatable probe 3-(trifluoromethyl)-3¥¢[**9]iodophenyl)-  samples were then subjected to a“@incubation (above
diazirine (abbreviated'?3-TID)! was purchased from  he cloud point for Triton X-114) for 3 min, which caused
Amersham (Piscataway, NJ). the solution to phase separate. The hydrophobic detergent

Measurement of Phospholipid Vesicle Bindirigarge  phase was separated from the aqueous phase by centrifuga-
unilammelar vesicles composed of phosphatidylserine andtion and washing as described in the original description of
phosphatidylcholine (2:1 molar ratio) were prepared accord- the method 13). Aliquots of the detergent and aqueous
ing to the Reeves/Dowben protocdl). The association of  phases were analyzed by SBBAGE and Coomassie blue
annexins with these vesicles was measured by a copelletingstaining, and the scanned gels were quantified using NIH
Image.

1 Abbreviations: EPR, electron paramagnetic resonatt@eTID, Channel Actiity in Lipid Bilayers Bilayers were formed
probe 3-(trifluoromethyl)-3+(+-[*23]iodophenyl)diazirine. at room temperature by the union of two monolayers formed
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from a mixture (1:1 by weight) of phosphatidylcholine (PC)
and phosphatidylserine (PS) as described elsewtére().
Briefly, lipid monolayers were opposed over a hole ap-
proximately 20Qum in diameter in a 1520 um thick Teflon

partition dividing the two aqueous phases. The hole, punched

by electric spark, was precoated with aboutl5of a 2.5

vol % solution of squalene in-pentane. Salt solutions were
100 mM NacCl, buffered by either 10 mM MESNaOH to

pH 6.0 or 6.5 or 10 mM TrisHCI to pH 7.0-7.4. Bilayer
formation was monitored by measuring capacitance. Silver/
silver chloride wires were used as electrodes to apply

voltages across the bilayer. When asymmetric solutions were
used, the Ag/AgCl electrodes were connected to the solutions

using bridges made by fitting glass tubes packed with glass
fibers into a short piece of solution-filled silicon tubing. The
bridge-filling solution wa 2 M KCI. The rear chamber
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potential was taken as ground, and the additions of annexinsFicure 1: Association of annexins V and XII with phospholipid
were made to the front chamber. Voltages were generatedvesicles as a function of pH in the absence ot*Cannexin V or

and currents digitized at a resolution of 12 bits by an AD
Lab ADC/DAC board driven by software written in the lab.
Currents were measured by an Axopatch 200A amplifier
(Axon Instruments, Foster City, CA) connected to the AD
Lab board as described above.

RESULTS

pH-Dependent Association of Annexins with Phospholipid
Vesicleslt is well-known that at neutral pH annexins V and
X1l bind with high affinity to phospholipid bilayers in the
presence of Ca but have no measurable binding affinity
in the absence of Ga(1). Using a fluorescence resonance
energy transfer assay, it recently was shown that annexin V
could bind to bilayers in the absence of?Cainder mildly
acidic conditions 7). We confirmed this observation by
showing that annexin V cosediments with large phospholipid
vesicles in the absence of €at low pH but not at neutral
pH (Figure 1). Half-maximal vesicle association occurred
at approximately pH 5.3. In the presence ofGdetween
90% and 100% of the added annexin V associated with
vesicles at all pH values tested (data not shown). Annexin
Xll also associated (90100%) with vesicles at all pH values
tested in the presence of €a(data not shown). In the
absence of Ga annexin XlI associated with vesicles only
at mildly acidic pH, with half-maximal vesicle association
occurring at approximately pH 5.8 (Figure 1).

The following experiments were performed to determine
whether association of annexins V and Xl with vesicles at
low pH was reversible. Annexin V was incubated with
vesicles in the absence of €aat pH 4.5, and the solution
then was centrifuged. The pellet containing vesicles an
associated protein was resuspended in a solution buffere
to pH 7.4 and again was centrifuged. Approximately 85%
of the annexin V that was associated with vesicles at low
pH (Figure 2A) was released following incubation at neutral
pH (Figure 2B). The annexin V that was released by the
neutral pH treatment still retained the ability to bind to
vesicles at neutral pH in the presence of Cgrigure 2C).
Annexin Xll behaved in a manner very similar to that of

XIl was incubated with phospholipid vesicles at the indicated pH

in the presence of EGTA (5QaM). The solutions were centrifuged

to separate the vesicles and associated protein from soluble protein.
The pellets of triplicate samples were analyzed by SPSGE
followed by staining with Coomassie blue and densitometry as
described in the Experimental Procedures. The results are expressed
as a percentage of the total protein added. The data shown are
typical of the results from four experiments, each of which gave
the same pH response curve.
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Ficure 2: Reversibility of annexins V and Xl binding to vesicles.
Annexin V or XIl was incubated with phospholipid vesicles at pH
4.5 in the presence of EGTA and then centrifuged as described in
the Experimental Procedures. Protein in the pellet was analyzed
by SDS-PAGE followed by Coomassie blue staining and densi-
tometry and is represented by histogram A. Replicate pellets
containing proteirrvesicle complexes were suspended in pH 7.4
buffer, incubated for 10 min, and then centrifuged. The protein in
the second pellet was analyzed (histogram B). The protein in the

d supernatant from B was incubated with vesicles in the presence of

&" at pH 7.4 and then was centrifuged to form pellet C. The

ntire experiment was performed at room temperature. The data
reported correspond to values from the scanned gels in arbitrary
units.

Labeling Membrane-Associated Annexins wWih-TID.
Previous studies have established that'@ependent as-
sociation of annexins V and XII with phospholipid bilayers
at neutral pH occurs by peripheral binding of trimers of the

annexin V in these assays (Figure 2). These experimentsproteins to the surface of bilayers, (21—23). In contrast

showed that annexins V and Xll could be reversibly
converted from a form that underwent Talependent
association with vesicles to a form that underwent'€a
independent association at low pH.

site-directed spin-labeling studies indicate that under mildly
acidic conditions annexin Xll inserts into the bilayer and
does not form the trimer6j. As an independent test of the
topography of annexins on bilayers, we investigated their
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FIGURE 4: Triton X-114 phase separation of annexins V and XII.
Annexin Xl (panels A and B) and V (panels C and D) were
incubated in the presence (panels A and C) or absence (panels B
and D) of phospholipid vesicles in solutions containing either"Ca

or EGTA and then mixed with Triton X-114 at°€, a temperature
below the detergent cloud point. After the temperature was raised
to induce phase separation, the hydrophobic detergent phase was
separated from the aqueous phase as described in the Experimental

B pH 40 45 50 56 60 65 74

Binding | Ca?*

IZSI.HD Ca“

labeling |nop| e e e

Binding [EGTA| W umSuae Procedures. Aliquots of the detergent and aqueous phases were
analyzed by SDSPAGE, and the Coomassie blue-stained annexin
FicUrE 3: Labeling of annexins V and XIl witt?3-TID. Annexins bands are shown in the figure. The data shown are typical of three
V (panel A) and XII (panel B) were incubated with phospholipid experiments, each of which gave the same pH-dependent response.
vesicles at the indicated pH in the presence of eithét GREGTA In parallel control experiments at either pH 7.4 or pH 4.0, bovine
and then labeled witA?3-TID as described in the Experimental serum albumin and carbonic anhydrase were recovered in the
Procedures. The entire sample then was subjected to-BBSE aqueous phase, while the integral membrane protein, major intrinsic

and autoradiography. The radioactive annexin bands on the auto-protein, was recovered in the detergent phase (data not shown).
radiogram are shown in the rows marké@*-TID labeling”. No ) o _ o

other radioactive bands were observed except for low molecular their behavior in a Triton X-114 partitioning assag). In
weight material at the dye front of the gel. The data shown are this assay, membrane proteins were solubilized in a solution

typical of five experiments, each of which gave the same pH- f Tyiton X-114, and phase separation then was induced by
dependent response. The upper and lower rows show the results . h ' 20 Hvdroohili isheral
from parallel vesicle binding assays in which annexin association 'Ncréasing the temperature to 30. Hydrophilic periphera

with vesicle pellets was analyzed by Coomassie blue staining asmembrane proteins should partition into the aqueous phase,
described in the legend of Figure 1 and the Experimental Proce-and amphiphilic integral membrane proteins should be

dures. In parallel control experiments under the above conditions sp|uble in the hydrophobic detergent phasg) (At neutral

at pH 4.0 and 7.4, no detectable label was incorporated into carbonlcpH annexin V was not detected in the detergent phase

anhydrase, while the integral membrane protein, major intrinsic following i ion in either th -
protein, reconstituted into liposomes7j was labeled at a level  following incubation in either the presence (Figure 4C) or

comparable to that of the most heavily labeled annexin bands (dataabsence (Figure 4D) of phospholipid vesicles. However, at
not shown). Other control experiments showed that the annexinspH ~ 5 and below, annexin V was found in increasing
Wer.e not Iabeled When incubated WP{*ﬂ'TlD |n the absence Of amounts |n the detergent phase At pH 40 |n the presence
vesicles (data not shown). of vesicles, there was no detectable annexin V remaining in
ability to react with'®4-TID, a photoactivatable hydrophobic  the aqueous phase, and in the absence of vesicles only a
reagent which selectively partitions into the hydrophobic core small amount £10%) was in the aqueous phase (Figure
of bilayers and labels proteins exposed to this regibh (  4C,D). C&" had little effect on the behavior of annexin V
12). After photoactivation this reagent labels proteins that in this assay. Thus, annexin V had the properties of a
are exposed to the hydrophobic core of bilayers but doeshydrophilic protein at neutral pH and of an amphiphilic
not label peripheral membrane or soluble proteitd.(At integral membrane protein below pH 5.0. Annexin XII
neutral pH in the presence of €a conditions at which behaved very similarly to annexin V in the presence of
annexins bind to the surface of bilayes 21—23), neither phospholipid vesicles, with the amount of protein in the
annexin V nor annexin XIl was radiolabeled witff-TID detergent phase increasing fronb% to >90% as the pH
(Figure 3). In striking contrast, both annexins were labeled was dropped from 7.4 to 4.0 (Figure 4A). In contrast to that
by ?39-TID at pH ~ 5 or below, indicating that they were of annexin V, only partial £35%) partitioning of annexin
exposed to the core of the bilayers (Figure 3). In the absenceXIl into the detergent phase occurred at pH 4.0 in the absence
of C&", half-maximal labeling of both annexins V and XII  of phospholipid vesicles (Figure 4B).
occurred between pH 5.0 and pH 5.6. A slightly lower pH  lon Channel Actiity of Annexins V and XlIThe effects
was required for maximal labeling if €awas present of annexins V and XlI on lipid bilayer conductance as a
(Figure 3), thereby implying that Castabilizes the periph-  function of pH were also investigated. Although we observed
erally bound form and keeps it from inserting into the bilayers with added annexin V or XlI for many hours, no
hydrophobic core of the bilayer. It is also interesting to note annexin-induced channels were ever observed at pH 7.4 in
that, in the absence of &g annexin XlI bound to vesicles either the presence or absence of ‘C&hus, our failure to
at pH 5.6 yet was not labeled wit}#3-TID (Figure 3B). observe channels at neutral pH was not due to lack of effort.
This raises the possibility that a €aindependent surface-  In contrast, we found that both annexins V and XIl induced
bound intermediate exists before annexin Xll inserts into the ion channels in lipid bilayers when the pH was lowered to
bilayer. 6.0-6.5 even in the absence of addec?Cd.owering the
Partitioning of Annexins in Trition X-114The response  pH below 6.0 in the presence of either annexin XII or annexin
of annexins to low pH also was investigated by measuring V usually was followed by a rapid increase in bilayer
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Ficure 5: Channels produced by annexins V and XIlI in lipid bilayers. Bilayers were formed from the mixture of PC and PS (1:1 by
weight). Annexins were added at the front chamber; both chambers contained 100 mM NacCl. The rear chamber was taken as ground.
Traces are labeled by the applied voltage step in millivolts. For clarity, the point of zero current at zero voltage has been shifted to separate
the traces. A short bar on the left indicates the point of zero current for each trace. The order of the zero current bars and the current traces
is the same from top to bottom. (A) Channels produced by annexin XII (100 nM) at pH 6.5. (B) Channels produced by annexin V (200 nM)
at pH 6.0.

conductance, typically resulting in the destruction of the at higher voltages regardless of their sign (Figure 5B). These
bilayer. Although the electrophysiological changes occurred asymmetries may be a result of the direction of insertion of

at a higher pH than the biochemical changes reported abovehe channels, but we cannot yet say whether the direction of
(Figures 1, 3, and 4), it is important to remember that the insertion is random. Thus, we do not know whether the
association of annexins V and Xll with bilayers at low pH difference in asymmetry in annexins V and Xll arises from

was reversible (Figure 2), thereby indicating that the free differences in the topography of insertion or from the amino

and bound states are in equilibrium. We interpret the channelacid sequences of the proteins.

activity and membrane destruction in the bilayer chamber  anpexin XII showed (Figure 6A) a linear IV curve

as _bemg c_aused by a small fraction of the total annexin that (generated by a voltage sweep) which (assuming the principal
is in the inserted state even at pH values too high for conductance level of Figure 5A corresponds to one channel)
detection by the less sensitive biochemical methods. A probably reflects one channel in the membrane. Annexin V
number of site-directed mutants of annexins V and Xll had gpowed (Figure 6B) a swept IV curve which (assuming the
different electrophysiological characteristics even though they principal conductance level of Figure 5B corresponds to one
were purified by the same procedures used to purify the wild- channel) probably reflects about five channels in the
type proteins used herein (data not shown). These observamemprane. Both annexins V and XII channels show weak
tions suggest that the annexins and not a contamination incation selectivity in asymmetrical NaCl solutions (Figure 6).
the preparation mediated the observed channel activity For annexin Xl the reversal potential was 11 mV in a 1:2
because it is unlikely that each preparation would contain a ratio of NaCl concentration, giving a calculated Nal-
different contamination that produced a distinctively different permeability ratio of 4.7. For annexin V the reversal potential

artifact. _ was 20 mV in a 1:3 ratio of NaCl concentration, giving a
Typical records of the channels formed by annexins V and cgjculated N&:CI- permeability ratio of 5.0.

XIl in phosphatidylserine-containing bilayers are shown in

Figure 5. On the basis of the number of simultaneous p|SCUSSION

openings to the main conductance level seen, parts A and B

of Figure 5 show one channel each. We do not have enough Annexins are soluble proteins that can bind with high
data to perform detailed statistical analysis based on theaffinity to the surface of phospholipid membranes in &'€a
probability of one channel closing and another opening, but dependent mannet). Although these membrane-surface
the simplest and most likely interpretation of the data is that forms of annexins surely are biologically important, they do
there is only one channel present in each of the membranesot suggest plausible mechanisms to explain certain activities
from which the data in Figure 5 were recorded. The single- of annexins including their ability to cross membran24) (
channel conductance amplitudes induced by both annexinscause membrane fusioR5), and mediate ion channel activity
are similar and show multiple single-channel levels with (5). Insights into the mechanisms underlying these activities
conductance values betweer80 and 320 pS in 100 mM  may come from a small but growing body of literature
NaCl. Both annexin V and annexin XII channels are voltage- indicating that C&"-independent membrane association can
dependent. Annexin XlI channels tend to open at negative occur at low pH in vitro. Annexin V has been shown to
voltages (Figure 5A), and annexin V channels tend to open induce pH-dependent vesicle aggregati®®) (vesicle fusion
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A they were not labeled when bound to the surface of the
' bilayer. Furthermore, labeling was dependent on the phos-
Nacl " pholipid composition of the vesicled?3-TID labeling of
annexins Xl and V was either undetected or reducdd-
fold, respectively, at low pH when phosphatidylserine-
-10 TG containing vesicles were replaced with vesicles containing
L 100 mM Nacl/2oo mM Naci only phosphatidylcholine (data not shown).
| The membrane topography of annexins also was probed
30 T using_ a phase separation assay in which integral membrane
j proteins partition into the Triton X-114 detergent phase while
-40 hydrophilic proteins partition into the aqueous phat8).(
In the presence of phosphatidylserine-containing vesicles,
B annexins V and XlI partitioned into the aqueous phase at
200 neutral pH and into the hydrophobic detergent phase (Figure
Aﬁ 4) with a pH dependence very similar to that observed for

10

-

00 mM NaCl/100 m
0 4

=
i
s

Current (pA)

>
3
=

100.mM Nagll Na“/'r 129-TID labeling (Figure 3). Annexin XIl but not annexin

V required phosphatidylserine-containing vesicles for pH-
induced association with the detergent phase (Figure 4).
M‘w’ﬂ 100 pM NaCl/300 mM NaCl Previous site-directed spin-labeling studies of annexin XII
I}W also showed that pH-induced structural changes were mini-
Annexjin V mal until vesicles were adde@)( Vesicles containing only
-400 phosphatidylcholine showed little effect on the partitioning
5 0 " 00 of either_ ann_exin V or z_innexin_ Xl (dat_a not shown):
Voltage (mV) Our site-directed spin-labeling studies of annexin XII
showed that, in the presence of membranes at low pH, there
V and Xl channels in symmetrical and asymmetrical ionic were maj:or change; in the te_rtiary s_trgcture c_)f annexin ).<“
conditions. Using the same experimental conditions described in (6)- Detailed analysis of a helical hairpin that is involved in
Figure 5, the voltage was ramped froa00 to+100 mV at a forming one of the type Il Ca-binding sites showed that
rate of 20 mV/s while the current was recorded in the presence of the region refolded at low pH and formed a continuous

either annexin XII (panel A) or annexin V (panel B). KCI-filled  {ransmembrana-helix (6). The transmembrane helix had a

agar bridges were used in these selectivity experiments. After the . .
trace in symmetrical ionic conditions was recorded for either hydrophobic face that was exposed to the acyl chains of the

annexin X1l (panel A) or annexin V (panel B), an appropriate Phospholipid bilayer and a hydrophilic face that was solvated
amount 6 4 M NaCl was added to the rear chamber to increase by water. We proposed that several transmembrane amphi-
the concentration to either 200 mM (panel A) or 300 mM (panel pathic helices in annexin XIl assembled to form a structure
g%aﬂvgr;egigsazgpr‘ﬁsn%?l asrlnqunfé?((ijnfr\(/),rqhoe:gbl;irr?c}i/cf:tri %”?ﬁ;t'“bé(t'L in which the hydrophilic faces of the helices formed a central
were cation selective. transmembrane aqueous pore. We proposed that the trigger
for membrane insertion was protonation of Glu or Asp
(7), and exposure of hydrophobic residues to solvent in the residues on the hydrophobic face of the transmembrane
absence of vesicle®7). Site-directed spin-labeling studies helices. Many of the putative switch residues are likely to
of annexin Xl ) and measurement of the surface pressure participate in C&" coordination in the membrane-surface
of phospholipid monolayers in the presence of annex8) | ( form of the protein at neutral pH. Data presented in the
indicated that these proteins penetrated into the hydrophobiccurrent study are entirely consistent with the spin-label
core of the membrane. Studies reported herein investigatedstudies and provide independent support for the proposal that
annexins V and Xll and showed that they can reversibly annexin Xll inserts into bilayers. In addition, the current
insert into membranes and form ion channels at mildly acidic study provides the first direct experimental evidence that
pH. annexin V inserts into bilayers. Inspection of the amino acid
Both annexins V and Xll reversibly associated with sequence of human annexin V reveals several putative
phosphatidylserine-containing vesicles in the absence®f Ca transmembrane amphipathic helices containir2p amino
with half-maximal association occurring at pH 5.3 and 5.8, acids. Like annexin XIl, most of these sequences in annexin
respectively (Figures 1 and 2). Following association with V are around C&-binding A—B and D-E loops and contain
vesicles at low pH, annexins V and XII could be labeled putative Glu or Asp switch residues on the hydrophobic
with the hydrophobic, photoactivatable reagéft-TID faces.
(Figure 3). In contrast, these proteins were not labeled with  To our knowledge, annexins V and Xll are the only
1259-TID when they were bound to the surface of bilayers at proteins known to be capable of reversibly adopting a
neutral pH in the presence of €a(Figure 3). Thus, they  soluble, a peripherally membrane-bound, and a transmem-
appear to undergo pH-dependent insertion into the hydro- brane state. The model presented in Figure 7 illustrates these
phobic core of the bilayer. Although numerous reports have three different forms and shows how tand C&" regulate
shown that?3-TID reacted with proteins that were exposed their interconversion. The soluble monomer and the surface
to the hydrophobic core of bilayers, there was at least onetrimer have similar backbone folds, while the structure of
report in which this reagent labeled a hydrophobic pocket the transmembrane form is unknown but clearly is radically
in a water-soluble proteir2@). However, labeling artifacts  different. A single amphipathic transmembrane helix of
does not appear to be likely for annexins V and Xl because annexin Xl has been characterize@),(and the other

(=]

A%

'
N
(=]
(=]

Current (pA)

-100 -5

Ficure 6: Current-voltage curves of bilayers containing annexins
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Soluble channel data and these studies is not yet known. In one
Monomer previous study, annexin V was investigated in planar bilayers
. (33). In that study annexin V solutions buffered to pH 5.6
er were incorporated into bilayers, and they produced a range
037 SHETRRS T . of conductance levels that overlapped the range observed
H herein (Figures 5 and 6). Thus, methods that use planar
/ \ bilayers and methods that use patch pipets may observe
different characteristics of annexin channels.

R 1 Although additional studies are required to reconcile all
%m‘ reported annexin channel data, our model of annexin insertion

s H-l- into bilayers (Figure 7) provides a structural framework for

m N mﬂmim' explaining annexin-mediated channel activity in vitro. The
important question of whether annexin channels are physi-
W w ologically significant remains unanswered. Several reports

have shown that different annexins, including annexin XII

Surface Transmembrane (17), can associate with biological membranes in &'Ca

Trimer independent mannef), Furthermore, two studies reported

membrane association of annexins that may have involved

Ficure 7: Model of C&" and H Switching of annexin XII insertion; annexin V from bone matrix vesicle34( and
membrane association. Annexin Xll is a monomer in solution and

assembles into trimers on the surface of membranes in the presencélnnexln X”_Ib from. epithelial transport VeS'CI_e?’F(_SG), had .

of Ca* (9). The backbone folds of both the monomer and trimer the properties of integral membrane proteins in lipophilic
are similar to the fold observed in the crystal structure of the protein partitioning assays. Annexins clearly are primarily cytosolic
(9). At low pH, major structural reorganization occurs due to proteins, and the pH of the cytosol is significantly higher

protonation of carboxylate switch residues, and the protein inserts : ; -
into bilayers. The transmembrane form is depicted as a monomer.than the pH required to induce membrane association and

with seven transmembrane helices, but there are no experimentalnser.tion of a large enough fr_action of protein to be detected
data concerning the quaternary structure or the number of trans-by biochemical methods (Figures 1, 3, and 4). However,
membrane helices. Annexin XIl can be reversibly converted membrane insertion could be induced by transient local
between the three states, with the equilibrium being regulated by jecreases in pH, by specialized local phospholipid environ-

the concentration of Hand C&". It is not yet known whether the h .
transmembrane form can be directly converted to the surface trimermentS that alter the Ko values of key annexin switch

by raising the pH and C& concentration. The transition between rgsidues, or_by unidentified accessory proteins. Furthermore,
the different forms is not necessarily a single-step process assince the different forms of annexins are in equilibrium

illustrated. In fact, at pH 5.6, annexin XII associated with bilayers (Figures 2 and 7), a very small but still physiologically

but was not labeled with?3-TID (Figure 3B), thereby implying i ; ; g
that an intermediate between the soluble and transmembrane l‘ormsSlgnlflcant fraction of the cellular annexin could be in the

exists on the surface of the bilayer. This model also appears to'nserted form.
apply to annexin V in addition to annexin XIl. However, the  Recent studies identified annexin 31, a human annexin
structures of other annexins on bilayers have not been determined, ity novel features in its amino acid sequence at key
so it is not known whether the model applies to them. o - : .
positions in the core domain. It lacks the Glu or Asp residues
that coordinate Ca in the type Il C&" sites in all four of
transmembrane helices are speculative on the basis of amindts D—E loops 6). It will be interesting to determine whether
acid sequence analysis of annexins V and XII. This model this unusual annexin which lacks these putative carboxylate
predicts a central water-filled pore that could function as a switch residues has lost the ability to undergd'Gdependent
channel. binding to membranes and/or gained the ability to insert into

To test the transmembrane model of annexin structure, membranes at neutral pH. A remarkable range of versatility

annexins V and XII channel activities were investigated in 1S POSSible within the annexin family, because, in addition
planar bilayers, a method that is not as sensitive as patcht© having multiple gene products with different amino acid
pipets but is less prone to artifact®9( 30). Using this sequences, the|rten|ary/quaternary structgre anpl function can
method, single-channel currents were reproducibly detected®® modulated by environmental factors including the con-
when annexins V and XII were incubated with phosphati- ¢entration of H and C&" and the lipid composition of
dylserine-containing bilayers at pH 6:6.5 (Figure 5) but ~ membranes.

never at neutral pH in either the presence or absence?f Ca In summary, this study showed that annexins V and XIlI
This is the first time annexin Xl ion channel activity has associated with membranes in the absence 8f @alow
been investigated, but several studies of annexin V have beerpH. Evidence was presented that these forms of the proteins
reported 81—33). In general the previous studies of annexin were exposed to the hydrophobic core of the bilayer and
V were performed in the presence of high concentrations of formed ion channels. On the basis of the observation that
C&" and at neutral pHconditions under which we did not  several putative transmembrane amphipathic helices contain-
detect channel activity. The previously reported single- ing carboxylate switch residues could be recognized within
channel conductance values of annexin V studied by patchthe amino acid sequence of annexins V and Xll, a model
pipet methods at neutral pH in the presence of hightCa for annexin membrane insertion and ion channel formation
were of a single level and had significantly lower values was proposed. These studies form a structural framework
(~30 pS) than the ones observed herein (Figures 5 and 6).for evaluating possible physiological functions of annexin
The reason for the differences between our planar bilayer channels.
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