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ABSTRACT. Annexins are soluble proteins that can interact with membranes id'adependent manner.
Recent studies have shown that they can also underg§eiGdependent membrane interactions that are
modulated by pH and phospholipid composition. Here, we investigated the structural changes that occurred
during C&*-independent interaction of annexin B12 with phospholipid vesicles as a function of pH. Electron
paramagnetic resonance analysis of a helical hairpin encompassing the D and E helices in the second
repeat of the protein showed that this region refolded and formed a continuous amphépdublicx
following Ca&*-independent binding to membranes at mildly acidic pH. At pH 4.0, this helix assumed a
transmembrane topography, but at pt5.0-5.5, it was peripheral and approximately parallel to the
membrane. The peripheral form was reversibly converted into the transmembrane form by lowering the
pH and vice versa. Furthermore, analysis of vesicles incubated with annexin B12 using freeze-fracture
electron microscopy methods showed classical intramembrane particles at pH 4.0 but none at pH 5.3.
Together, these data raise the possibility that the peripheral-bound form of annexin B12 could act as a
kinetic intermediate in the formation of the transmembrane form of the protein.

Annexins represent a highly conserved family of membrane-  In addition to this C&'-dependent membrane-bound form,
binding proteins that are typically expressed in high levels significant recent evidence demonstrated that a number of
in nearly all cell types of multicellular organism&—3). annexins can also interact with cellular and phospholipid
Annexins have been implicated in a number of membrane- membranes in the absence of?C4l1—-18). At least in the
related events, but their exact physiological roles are only examples investigated to date, theGmdependent interac-
partially understoodl; 3). A hallmark of annexins is their ~ tion of annexins with membranes is dependent upon the pH
ability to reversibly interact with negatively charged lipids and lipid composition. For instance, our studies of annexin
in the presence of G (4). Several lines of evidence showed B12 showed that the pH-dependent membrane interaction
that this C&"-bound form was structurally related to the occurred with half-maximal binding at pH5.8 for phos-
soluble, lipid-free form for which high-resolution crystal ~Phatidylserine-containing vesicles and at pt8.5 for car-
structures exist4—8). As illustrated with the example of  diolipin-containing vesicles1@).
the crystal structure of annexin B1®)( annexins are The most extensive structural studies ofGmdependent
typically made of four highly homologous and structurally membrane association of annexins used the reversible
conserved repeat regions (Figure 1). Each of these repeainteraction of annexin B12 with large phosphatidylserine-
regions contains four helical bundles (helices A, B, D, and containing vesicles at pH 4.0 as a model syst&®) 13, 16,

E), with helix C running approximately perpendicular to the 19). When bound to vesicles at pH 4.0, large-scale changes
helical bundle. The convex side of the molecule contains in the tertiary structure were observed that dramatically
four A—B and four D-E interhelical loop regions, which ~ changed the structure in all four repeat2)( The protein
mediate C#&-dependent binding to the surface of mem- did notsimply unfold, as evidenced by the fact that it retained
branes. This membrane interaction is thought to occur by athe predominantlyi-helical secondary structure observed in
Ca*-bridging mechanism, in which the-AB and D-E loop the crystal structurel@). Electron paramagnetic studies of
regions and negatively charged phospholipid headgroups orthe helical hairpin regions that encompass anBAhelix (13)

these regions refolded and formed continuous transmembrane

helices in the membrane-bound state at pH 4.0 (see Figure
T This work was supported by National Institutes of Health Grants 1B). These transmembrane helices were amphipathic, with
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Ficure 1: Structure of annexin B12 and pH-dependent transmem-
brane insertion. (A) Crystal structure of an annexin 12 monomer
(9) (PDB 1AEI). Each of the four repeats (shown in different colors)
in the core domain contains five helices<{k&). The two helical
hairpin regions that have been studied by nitroxide-scanning
experiments are highlighted with yellow spheres ondrearbons.

(B) Hypothetical model of the transmembrane form of annexin B12
at pH 4.0. The two helical hairpin regions highlightedd»zarbon
spheres in A undergo inside-out refolding when exposed to
membranes at pH 4.0 and form the two transmembrane amphipathi
helices highlighted in blue and light green in B. The locations of
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FIGURE 2: Structure of the R1 side chain.

as many as seven transmembrane helices from the same
protein molecule (see the model in Figure 1B); however,
several aspects of this model have not yet been tested.

The detailed molecular mechanism that allows soluble
annexin B12 to reversibly transition into a transmembrane
protein remains an open question. Studies on other membrane-
inserting proteins have shown that the formation of a
transmembrane structure might be a stepwise mechanism that
proceeds via the formation of a membrane surface-bound
intermediate structure2@). Although most of the previous
structural studies of the €aindependent binding of annexin
B12 to membranes have been performed at pH 4.0, limited
studies at intermediate pH values raise the possibility that
these conditions may provide a useful window for studying
intermediates in the annexin B12 insertion pathway. One
study showed that there was global refolding at all pH values,
which supported Ca-independent membrane binding of
annexin B12, but these studies did not evaluate the topog-
raphy of the protein2). The possibility that several types
of topographies could exist for different €aindependent
membrane interactions was suggested by another study that
employed a commonly used lipophilic probe to test for
annexin B12 membrane insertioh9dj. While labeling was
observed at pH 45, significantly less labeling and presum-
ably less membrane insertion were observed at pH 5.6. In
the present study, we addressed the mechanism ®f-Ca
independent membrane insertion of annexin B12 by examin-
ing the structure of the membrane-bound protein at various
acidic pH values using site-directed spin labeling (SODSL)
and freeze-fracture electron microscopy.

SDSL involves the covalent addition of a paramagnetic
nitroxide side chain such as R1 (Figure 2) to specific cysteine
residues that are engineered into selected sites in the protein
after endogenous cysteine residues are repla28d The

£lectron paramagnetic resonance (EPR) spectrum of R1 on

the protein is sensitive to the environment of the nitroxide

the lipid-exposed residues in the transmembrane helix formed by and can be used to evaluate local structure and conforma-

the D—E helical hairpin are noted. This region was the focus of
studies reported herein.

tional changes24). EPR accessibility parameters provide a
sensitive and reliable method for determining the depth of

phobic face of these otherwise typical amphipathic helices insertion of R1 into membrane&%). This method is based
also contained some acidic residues. Protonation of theseon the differential accessibility of lipid-exposed R1 side
carboxylate residues on or near the hydrophobic faces of thechains to colliders of different polarity such as, ©r

transmembrane helices was proposed to triggeintduced
membrane associatioh3, 16). Inspection of the amino acid

NIiEDDA. While the more hydrophobic Opreferentially
partitions into the membrane, the more hydrophilic NIEDDA

sequence of annexin B12 reveals seven helical hairpins thatis preferentially excluded from the hydrophobic core of the

could potentially refold into amphipathic transmembrane
helices following protonation of carboxylate-switch residues

(13, 16). Fluorescence spectroscopy experiments confirmed

the transmembrane nature of the-B helical region 20)

membrane. Systematic studies have shown that the ratio of

1 Abbreviations: EPR, electron paramagnetic resonance; PS, phos-
phatidylserine from a biological source; POPS, 1-palmitoyl-2-oleoyl-

and showed that the transmembrane form of annexin B12 snglycero-3-[phosphae-serine]; PC, phosphatidylcholine from a bio-

was mainly monomeric2l). On the basis of these studies,
we speculated that the channel-like activity of annexin B12
at mildly acidic pH is mediated by a pore formed by perhaps

logical source; POPC, 1-palmitoyl-2-oleai-glycero-3-phosphocholine;
R1, the nitroxide side chain illustrated in Figure 2; SDSL, site-directed
spin labeling; I1(O,), accessibility of the R1 side chain to;0
TI(NiIEDDA), accessibility of the R1 side chain to NIEDDA.



936 Biochemistry, Vol. 45, No. 3, 2006

Hegde et al.

the respective accessibilities is a direct measure of thegave nearly identical results for binding and EPR mobility

immersion depth of the R1 side cha(a3, 25). Nitroxide

studies, but vesicles containing POPS/POPC had less batch/

scans in which single native side chains are sequentially batch variability in EPR accessibility parameters.

replaced with R1 can be analyzed for the depth of insertion

and thereby provide a powerful method for determining the
topography of membrane proteinay.

In the current study, we analyzed a nitroxide scan from
residues 139 to 155 located in a-& helical hairpin region

In the vesicle copelleting assays, 4 of spin-labeled or
cysteine-free annexin B12 was mixed with 2@ of
phospholipid POPS/POPC vesicles at the appropriate pH
(100 mM sodium acetate buffer for a pH range 6f5315,

100 mM MES buffer for a pH range of-6.5, and 20 mM

of annexin B12 (see Figure 1B) at pH values that support HEPES and 100 mM NaCl buffer for a pH range 6 7.4)

Cé&'-independent binding of annexin B12 to large phos-

and incubated at room temperature for about-36 min

phatidylserine-containing vesicles. The data show that abefore centrifugation to pellet the vesicles along with the
previously described transmembrane helix structure formedassociated protein. Aliquots of the supernatant (concentrated

by this region at pH 4.01() is converted to a peripherally
bound a. helix at pH values in the range of 5:8.5. To
obtain more global structural information regarding the

down to 20uL) were analyzed by polyacrylamide gel
electrophoresis, followed by Coomassie blue staining.

EPR Measurements:or EPR experiments;-30 ug of

structure of the transmembrane form of the protein, we Usedspin-labeled protein was mixed with 6@@ of POPS/POPC

freeze-fracture electron microscopy to study annexin B12

bound to phospholipid vesicles in the absence of"Ca

Intramembrane particles were observed at pH 4.0 but not at

vesicles at the appropriate pH values (100 mM sodium
acetate buffer for a pH range of%.5) and incubated for
about 15-30 min before centrifugation at€. The protein/

pH 5.3. When these experiments are taken together, theyphospholipid molar ratio was-1:1000. The pellet was

provide additional characterization of the transmembrane

form of annexin B12 and identified a novel interfacial form

that may be a kinetic intermediate in the insertion pathway.

EXPERIMENTAL PROCEDURES

Protein Expression and PurificatioRecombinant annexin

suspended in a small volume of the appropriate pH buffer
and loaded into TPX capillaries. EPR spectra were recorded
at room temperature with a Bruker EMX X-band EPR
spectrometer fitted with either a Bruker ER4123D dielectric
resonator or an ER4119HS resonator. In the indicated cases,
we recorded EPR spectra of concentrated samples of R1-

B12 with single-cysteine mutations successively at positions labeled annexin B12 in solution in either the presence or

139-155 were expressed in Did5Escherichia colicells
and purified by reversible C&dependent binding to phos-
pholipid vesicles followed by column chromatography, as
described previouslyl@, 16). The purified proteins were
stored at—80 °C in 20 mM HEPES buffer at pH 7.4,
containing 100 mM NaCl (HEPES-NaCl) in the presence of
1 mM dithiothreitol (DTT).

Spin Labeling Prior to spin labeling, DTT was removed
with PD-10 columns (Amersham Biosciences) that were
equilibrated with HEPES-NaCl buffer. Spin label (1-oxyl-
2,2,5,5-tetramethyA3-pyrroline-3-methyl) methanethiosul-
fonate, MTSL (Toronto Research Chemicals, Canada)xin 4

absence of 30% sucrose to reduce protein tumbling. All
spectra are shown with a magnetic field scan width of 100
G.

The EPR power saturation method was used to measure
the oxygen and NiEDDA accessibilit28, 25). The oxygen
concentration was that of oxygen in equilibrium with air,
and the NIEDDA concentration was 100 mM. The membrane
immersion depthd, for R1-labeled residues was calculated
from the paramete® = In I1(O,)/TI(NIEDDA) (23, 25).

The calibration of® in terms of depth at various pH values
was obtained with the use of 1-palmitoyl-2-stearoyl-(DOXYL)-
snglycero-3-phosphocholine, with the spin label attached at

molar excess, was added to the protein in HEPES-NaClthe 7, 10, and 12 positions on the acyl chains, as described

buffer and incubated overnight at°€. The unreacted spin

label was removed with PD-10 columns that were equili-
brated with HEPES-NaCl buffer. Spin-labeled protein was
stored at 4°C. Spin-labeled mutants of annexin B12 are

(25). The following equations were used to calculate the
depth at pH valuesd[A] = 5.00 + 8.7 at pH 4,d[A] =
5.70 + 6.6 at pH 4.5dA] = 7.00 + 2.8 at pH 5, and
d[A] = 7.40p — 3.1 at pH 5.5.

designated by giving the sequence position of the cysteine Freeze-Fracture Electron Microscoplyor freeze-fracture

substitution followed by the code of the nitroxide spin label,
R1.

Vesicle Preparation and Copelleting Assagrge vesicles

analysis, annexin B12 (1&g) was incubated at room
temperature with PS/PC vesicles (78@). For cryoprotec-
tion, 10% glycerol was added. Aliquots-Q.5 uL) were

were prepared according to the method of Reeves anddeposited on a gold-coated specimen holder and frozen

Dowben @6) using a 2:1 (w/w) ratio of phosphatidylserine
and phosphatidylcholine from Avanti Polar Lipids (Alabaster,
AL). The phospholipids were from either a biological source

rapidly by immersion in liquid propane. The frozen specimen
was then transferred to a Balzer 100K freeze-fracture
apparatus and fractured at120 °C and 107 mbar. The

(PS, brain, catalog number 840032C; PC, egg Yyolk, catalogfractured surface was then coated with platinum at’@0

number 840051) or chemically synthesized (POPS, 1-palmi-

toyl-2-oleoylsn-glycero-3-[phospha-serine], catalog num-
ber 840034C; POPC, 1-palmitoyl-2-olecs-glycero-3-

and with carbon at 90C. Specimens were coated with 0.5%
colloidon in amyl acetate to avoid fragmentation of the
replica and cleaned with bleach. Replicas were washed in

phosphocholine, catalog number 850457). Vesicles containingdistilled water and deposited on Formvar-coated single-hole
PS/PC were used for the freeze-fracture experiments. Mostcopper grids. Colloidon was removed by immersion in amyl
EPR experiments were performed with vesicles containing acetate, and replicas were observed in a Zeiss 10C electron
both PS/PC and POPS/POPC, but all of the reported studiegmicroscope. Particle dimensions were determined by measur-
used vesicles containing POPS/POPC. Both types of lipid ing distances perpendicular to the direction of the shadowing.
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Each particle appears as a dark zone, and the cone extendinA

from it was used to define the direction of the shadowing. Contro" Supernatant ’

| pH [7.4 |4 |a5] 5(5.3(5.5) 6 |6.5|7]|7.4

b4

RESULTS

%

Analysis of C&™-Independent Membrane Association of
Annexin B12 as a Function of pHOur previous studies
demonstrated that annexin B12 can associate with mem- 147R1 151R1
branes in a Cd-independent mechanism at mildly acidic

pH (12, 13, 16, 19). The protein underwent global changes B
in the tertiary structure at all pH values that induced 4 4
membrane associatiot?), and detailed studies showed that

transmembrane helices formed at pH 4601(3). Chemical-

labeling experiments with a lipophilic probe were consistent 4.5 4.5

with the transmembrane form under those conditidr®.

However, at intermediate pH values, the labeling data 5 5

suggested the existence of a?Gindependent membrane-

associated form that did not appear to be strongly exposed

to the hydrophobic interior of the bilayetd). The following 5.5 5.5

experiments were designed to investigate this potentially new

structural form of annexin B12. 7.4 7.4
First, a copelleting assay was performed to define tié-Ca _/\\/\ﬁ_“’_ J\/\fd

independent membrane-binding properties of the protein
under the exact conditions that were to be used in subsequen
EPR experiments. Annexin B12 was incubated with large C
phospholipid vesicles [2:1 (w/w) POPS/POPC], after which

the mixture was centrifuged to pellet the vesicles along with

any associated protein. Aliquots of the supernatant were
analyzed by gel electrophoresis followed by Coomassie blue
staining and showed that annexin B12 quantitatively copel-
leted with the vesicles if the pH value was between pH 4.0

and 5.3, but no vesicle association was detected at neutra

pH (Figure 3A). Minor amounts of unbound protein were
detected at pH 5.5. C&Dependent membrane interaction

of annexin B12 is highly cooperative, requiring20 uM

free C&" (27), a concentration that is several orders of . . . .
magnitude greater than any residual?Caresent in the 40 45 50 5.5
buffers used in the current study. Thus, the pH-dependent pH

membrane interaction observed here is clearly’"€a

; ; i i ; _Ficure 3: pH dependence of €aindependent annexin B12
independent. This notion is supported by previous observa binding. (A) Annexin B12 was incubated at room temperature with

tions that the presence of EGTA in th_e buffer did pot affect large phosphatidylserine-containing vesicles at the indicated pH and
the pH-dependent membrane interaction of annexin B22 ( then centrifuged to pellet the vesicles along with the associated
19). protein. The conditions were identical to those used for the EPR

: : : experiments (see the Experimental Procedures). Aliquots of the
Our previous SDSL studiesl§) Showed.th.at're&dues supernatant were analyzed by polyacrylamide gel electrophoresis
138-158 of annexin B12 were a helical hairpin in solution - fo|jowed by Coomassie blue staining, and the region of the gel
but were converted to a continuous transmembrane helixthat contained the annexin B12 band is shown. The lack of
upon membrane association at pH 4.0 (Figure 1B). The Coom_as_sie blue stainir_lg materia_l in this area indicates c_omplete
residues in this scan that were the most deeply imbedded inassociation of the protein with vesicles. The “control” band is from

a sample that contained annexin B12 but no vesicles. (B) EPR
the membrane at pH 4.0, 147R1 and 151R1, were used spectra of 147R1 and 151R1 in solution (red traces) and bound to

as reporters to extend our EPR studies of this region to yesicles (black traces) at the indicated pH. Because the protein did
intermediate pH values. As previously showi®), in the not associate with vesicles at pH 7.4 in the absence &f,@aly
absence of membranes, the spectra for 147R1 and 151R1he spectra for the soluble protein are shown. (C) Depth of
were similar in solution at pH 7.4 and at 4.0 (red spectra in membrane insertion of 147R#( —) and 151R1 4, ---) in
Figure 3B). Figure 3B also shows that incubation at vesicles at the indicated pH values was determined by methods
. g 4 9 - . described in the Experimental Procedures. Each data point is the
intermediate pH values in the absence of membranes did notnmean of four independent experiments that involved at least two
induce any spectral changes in these sites. However, theseparate preparations of protein and vesicles.

spectra of 147R1 and 151R1 underwent significant changes

under all conditions where C€aindependent membrane membrane-bound state. The spectra of both sites in the Ca
association occurred (black spectra in Figure 3B). The independent membrane-bound state were similar at all pH
spectral changes indicate that these two sites, which werevalues tested (Figure 3B).

highly constrained because of their position in the core of The following experiments determined the depth of
the soluble protein, became moderately mobile in the membrane insertion of 147R1 and 151R1 as a function of
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pH by measuring the EPR accessibility parameié(®,) l

and IT(NiEDDA). Because @and NiEDDA are preferen- 139R1 148R1
tially included and excluded, respectively, in the hydrophobic _Ia\/\/#

region of bilayers, the ratio dfl(O,) andITI(NiEDDA) can 140R1 149R1

be used to determine the immersion depth (see the Experi
mental Procedures). As expected from previous studi®s (
the immersion depths for 147R1 and 151R1 wefi8 and
~13 A, respectively, at pH 4.0 (Figure 3C). Little change 141R1
was noted at pH 4.5, but at higher pH values, the immersion
depth of 147R1 and 151R1 decreased systematically to values
of ~4—6 A, respectively, at pH 5.5 (Figure 3C). Thus, the

transmembrane structure present below pH 4.5 was disruptec 142R1 m'!' /\ 151R1
at higher pH values.

Analysis of the 139155 Nitroxide Scan of Annexin B12. 143R1 152R1
Experiments presented in Figure 3 showed that annexin B12
bound quantitatively to membranes in a?Gindependent
manner in the pH range of 4.3. The structure of the
membrane-bound protein at the higher end of this pH range, 144R1 153R1
however, must be different from the transmembrane form =
that previously had been characterized at pH 438 16).

To further investigate the nature of these structural differ-

ences, a nitroxide-scanning experiment was performed in 145R1
which each side chain from position 139 to 155 was replaced
with the R1 spin label. Nitroxide-labeled derivatives were
investigated by EPR spectroscopy at pH 5.3 in the presence
or absence of vesicles. Because the protein binds quantita:
tively to vesicles at pH 5.3, there was no signal from unbound
protein in EPR spectra recorded in the presence of vesicles
(Flgure 3A) The absence Of Soluble proteln was further FIcGUrRe 4: EPR SpeCtra Of the 13955 nitrOXide scan Of annexin

pon . . : . : B12. The EPR spectra of the indicated R1-labeled derivatives of
verified by cosedimenation experiments in which R1-labeled annexin B12 were recorded in solution in the presence of 30%

ann.eXin B12 derivativqs were pelleted tOQeth?r with the gycrose (red traces) or when bound to phosphatidylserine-containing
vesicles at pH 5.3. No signal from soluble protein could be vesicles at pH 5.3 in the absence of2Cgblack traces). The red

detected in the supernatant (data not shown). Sucrose (30%#rows point to spectral features characteristic of highly immobilized
was included in the buffer of samples analyzed in the absencenitroxide side chains.
of vesicles to reduce the tumbling of the soluble protein. structure (black traces in Figure 4). After membrane binding,
Because the tumbling of both the soluble protein in the major spectral changes are also observed at sites that are
presence of 30% sucrose and membrane-bound protein waguried in the soluble protein. In these cases, membrane
slow on the EPR time scale, the EPR spectra of both statesinteraction causes an increase in the motion, as indicated by
mainly reflected the local motion of the spin label. the sharper lines and the loss of the highly immobilized
In general, the spectra for soluble annexin B12 at pH 5.3 spectral components (e.g., see 139R1, 147R1, 151R1, and
in the absence of membranes (red traces in Figure 4) arel54R1 in the black traces in Figure 4). These data clearly
nearly identical to those described earlier for soluble annexin indicate that these sites are no longer buried in the protein
B12 at neutral pHZ8), thereby indicating that the structure after pH-induced membrane interaction. This behavior is
of the soluble protein at pH 5.3 was similar to that of the reminiscent of the conformational changes that were observed
crystal structure of the protein. Because the excellent at pH 4.0, in which buried hydrophobic residues of the
agreement between the EPR spectra at neutral pH and thesolution structure became more mobile when the protein
crystal structure was discussed in detail previoua8),(only refolded and exposed the previously buried sites to the
a few selected examples are noted here to re-illustrate thishydrophobic interior of the membran&3, 16). In fact, the
point. Residues 144 and 145 are located in loops in the crystalspectra for membrane-bound annexin B12 derivatives at pH
structure and display a very high degree of mobility, as 5.3 are qualitatively similar to those previously obtained at
evidenced by the sharp and narrowly spaced EPR spectrgoH 4 (16). However, these studies of mobility do not address
lines (red traces in Figure 4). In contrast, the spectra of the question of the membrane topography of the protein.
positions that are buried in the core of the crystal structure  To further investigate the structure of membrane-bound
of the protein (e.g., residues 139, 147, 151, and 154) indicateannexin B12 at pH 5.3, we determined the relativeafd
highly constrained mobility (see the arrows highlighting the NIiEDDA accessibilities of the 139155 nitroxide scan. Both
highly immobilized spectral components in the red traces in IT1(O,) andII(NiEDDA) exhibited periodic oscillations as a
Figure 4). function of the amino acid sequence position in which both
Upon membrane binding at pH 5.3, however, major EPR maxima are spaced-3! amino acids apart (Figure 5A).
spectral changes can be observed at nearly every site. FoMinima also had this same spacing (Figure 5A). Such a
example, the EPR spectra of the loop sites 144R1 and 145RIperiodicity is a characteristic feature of a helical structure,
no longer indicate a high degree of motion; rather, the spectrawhich has a periodicity of 3.6 amino acids/turn. Importantly,
from these sites indicated the formation of an ordered the periodic oscillations farl(O,) andIT(NiEDDA) are 180

150R1

"
:

o

:

146R1

|

147R1
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040] out-of-phase. Such a pattern is highly characteristic of an
A 03s| . . asymmetrically solvated helical structure that is exposed to
. '7\ Wa the lipid on one face and to the aqueous environment on the

0301 ) other face. Thell(O,) and IT(NiEDDA) data can be
0.5, \ . conveniently summarized by the parameder= In I1(O,)/
= 020 : TI(NIEDDA). A plot of ® as a function of the amino acid
015 - . sequence shows a clear periodicity of both maximal (red
. . circles in Figure 5B) and minimal (green circles in Figure
150] . . . . .
. . 5B) values corresponding to residues that are maximally
1251 T exposed to the lipid and the aqueous environment, respec-
E 100y . . tively. When residues with maximal (red circles) and minimal
@ 075{ . (green circles)y values were plotted on a helical wheel,
< o050{ | . lipid-exposed residues fell onto one face and solvent-exposed
E 025] \ . sites fell onto the opposite face (Figure 5D). In a previous
0.00 A study of annexin B12 at pH 4.0, 154R1 had a local peak in

the ® value and was thought to be exposed to lipid in a
transmembrane helixLg). However, there is not an unam-
biguous maximafb value at or adjacent to position 154 for
membrane-associated annexin B12 at pH 5.3 (Figure 5B).
Although it is clear that membrane-bound annexin B12 at
pH 5.3 contains an amphipathic helix in the £3%1 region,
the data do not clearly define the secondary structure of the
S\ : 152-155 region.
25 . ° . : -¢ Regardless of the minor details of the exact extent of the
138 141 144 197 150 158 1% length of the helix, the helical structure at pH 5.3 defined in
. Residues Figure 5 has one major distinction compared with the
: . —-pH4 | transmembrane helix that forms at lower pH values. At pH
: 5.3, thed values of the membrane-exposed sites were very
similar to each other, resulting in highly similar immersion
depths of approximately-47 A (red symbols in Figure 5C).
These values are in striking contrast to the immersion depth
. : - : previously defined for this region in the transmembrane state
°* . . . at pH 4.0 (reproduced from rdf6 in the black symbols in
. . ; . Figure 5C). At pH 4.0, most immersion depth values were
) much larger, and furthermore, the change in immersion depth
Residues was on the order of-4—5 Ajturn, as is characteristic for
transmembrane helice$6). In contrast, the variations in the
141 152 immersion depth at pH 5.3 are much smaller and no longer
D consistent with a transmembrane structure. Rather, the
consistently shallow immersion depths are characteristic for
peripherally bound helices. Taken together, the present study
therefore indicates that the scanned region of annexin B12
assumes a peripherally bound helical structure at pH 5.3,
rather than the transmembrane helix that was previously
detected at pH 4.01¢).
The data presented above show that the hétiwp—helix
.Lipi d exposed S'Fru_ctur_e pre;ent in agueous solution can assume two
distinctively different structural states upon pH-dependent
@ Solvent exposed membrane interaction. While this region is predominantly

Ficure 5: Sequence dependence of EPR accessibility parametersIn a transmembrane helix orientation at pH-415, a

of annexin B12 in the membrane-bound state. (A) EPR accessibility Peripherally bound continuous helical structure forms at
parametersi1(O,) and II(NiEDDA) were determined (see the ~ higher pH values. We previously demonstrated that the
Experimental Procedures) for the indicated R1-labeled derivatives formation of the transmembrane form was reversililé).(
2232%??&”@%&?%&% :aﬂrr? tﬁé“gglgentge %‘é%%‘g‘%ﬁg;“e' When the transmembrane form of membrane-bound annexin
for R1 side chains were calclulated from the data in A. Local maxima B12 "?‘t pH 4'O_SUbsequentIy was exposed to neutral PH’ t.he
and minima are highlighted with symbols that are red and green, Protein dissociated from the membrane and refolded into its
respectively. (C) Insertion depth of residues in the scanned regionsoluble form {6). In the current study, cosedimentation
that are maximally exposed to lipid was determined for R1-labeled experiments parallel to those shown in Figure 3A showed
?;g"gj‘r‘\’g 8: :PS&XA”OBbfsgé %': g-rg \ESSSI?/ ?é‘p‘gﬁg dp£$us deigéegj)llgcithat the membrane-associated state generated at pH 5.3 was
curve) (L6). (D) Helical wheel presentation of the scanned region released from th? membrang by ralsmg'the pH to 7.4 (data
at pH 5.3 with the individual positions color-coded on the basis of NOt shown). The interconversion of the different membrane-

the data presented in B. bound forms of annexin B12 was further investigated using

o6 T T 15 %
. idues .

@

Depth (A)

onbsrnDREGEN
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FIGURE 6: Freeze-fracture microscopy analysis of2Gmdependent membrane binding of annexin B12. Annexin B12 was bound to
phosphatidylserine-containing vesicles at the indicated pH and then processed for freeze-fracture microscopy analysis as described in the
Experimental Procedures. The micrographs are from vesicles incubated with annexin B12 at either pH 4.0 (A and B) or pH 5.3 (C). A
micrograph of vesicles incubated in the absence of annexin B12 at pH 4.0 is shown in D.

EPR analysis of the immersion depth of 147R1 as a reporter. Freeze-Fracture Analysis of Different pH-Dependent
The peripheral form of the protein was formed by incubating Membrane-Bound Forms of Annexin 1Phe EPR data
147R1 with vesicles at pH 5.3; the pH was then lowered to presented above provide structural information on a single
pH 4.5, and the immersion depth was determined to be 16.0helical hairpin region of the annexin B12 molecule. To obtain
+ 1.1 A. Because this value is similar to that obtained when a more comprehensive overview of the2Gindependent
147R1 was directly exposed to vesicles at pH 4.5 (see Figuremembrane topology of the entire protein, freeze-fracture
3C), the experiment indicates that the surface-bound helix electron microscopy experiments were performed. This
can transition to the transmembrane form at lower pH values. method splits bilayers to produce complementary fracture
The reversibility in the opposite direction was tested by faces, where integral membrane proteins appear as distinct
incubating 147R1 with vesicles at pH 4.5 to generate the particles but peripheral membrane proteins are not detected
transmembrane form and then measuring the immersion(29, 30). Visual inspection of micrographs of freeze-fractured
depth at pH 5.3. Under these conditions, the immersion depthvesicles that had been incubated with annexin B12 at pH
was 8.1+ 0.5 A, a value that is in reasonable agreement 4.0 revealed images of classical membrane particles (parts
with the data obtained following direct incubation at pH 5.3 A and B of Figure 6). In contrast, no particles were observed
(see Figure 3C). Thus, both the transmembrane and peripherin vesicles incubated with annexin B12 at pH 5.3 (Figure
ally bound forms of annexin B12 appear to interconvert in 6C) or in control vesicles in the absence of the protein at
response to changes in pH, and both membrane forms campH 4.0 (Figure 6D). The diameters of the transmembrane
be converted to the soluble form of the protein at neutral annexin B12 particles at pH 4.0 were measured as described
pH. in the Experimental Procedures. The size distribution of the
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the helix-loop—helix structure was converted into a con-
tinuous amphipathia helix (Figure 5 and ret6). The main
difference between the two forms was that, in the pH range
of ~5.0-5.5, this helical structure was peripheral and
approximately parallel to the membrane surface, while at pH
values below 4.5, this helical structure was transmembrane
(Figures 3, 5, and 6 and réb).

Freeze-fracture electron microscopic images of vesicles
incubated with annexin B12 at pH 4.0 showed the presence
of classic transmembrane particles (parts A and B of Figure
6), thus providing strong independent confirmation of the

HANANNHANANHAAANAH T transmembrane formation at pH 4.0. A recent SDSL study
FIGURE 7: Summary of the various Gadependent and G& showed that the _AB helix—loop—helix regior) in the fourth_
independent membrane-bound forms of annexin B12. Annexin B12 repeat of annexin B12 also underwent inside-out refolding
is @ monomer in solution but forms a trimer following Ta and was converted into a continuous transmembrane helix
dependent binding to the surface of bilayers. The soluble monomer g¢ pH 4.0 (3). On the basis of these studies and on the

and the membrane-bound trimer have backbone folds similar to ; ; ; ;
the crystal structure of the protein. At mildly acidic pH, annexin analysis of the amino acid sequence in homologous repeats,

B12 can undergo Ca-independent membrane interactions that W€ Proposed that there are approximately seven-hbp—
involve global refolding and conversion of helical hairpin regions helix regions in annexin B12 that can refold into transmem-
(highlighted in light and dark blue) into continuous amphipathic brane helices13, 16). Other studies have shown that this
helices Withh one fa;](_:e e)épo;;]e(lj_ to the hydrophobicbcore ofbthe bilayer. form of the protein is mainly monomeri@{). The median

At pH 4, the amphipathic helices are transmembrane, but near pH . : :

~5, the helical region examined in this study was peripheral and dlamete_r of the free_ze-fractur_e particles detected in mem-
approximately parallel to the membrane. The peripheral form branes incubated with annexin B12 at pH 4.0 was in the
identified in this study is drawn as an intermediate structure between 61—80 A size range. The size of freeze-fracture particles is
the soluble and transmembrane structure. While the indicated determined by the thickness of the metal replica and by the
transitions were observed in the present study, future experimentsnymber of transmembrane helices in any given protad (

are required to demonstrate that the peripheral form serves as a .
necessary kinetic intermediate during transmembrane insertion. ItAIthOUgh we cannot determine the exact number of trans-

should be noted that the present study only studied the conforma-membrane helices that contribute to the freeze-fracture
tional reorganization of one helical hairpin of the solution structure. particles formed by annexin B12, the size of the observed
Other regions of the peripherally bound annexin B12 are schemati- particles (parts A and B of Figure 6) is consistent with our
cally indicated by gray shading. Although not directly tested in proposal that the structural form of annexin B12 having

the present study, it is possible that other helical hairpins could . L - .
also undergo reorganization into periphesahelices. channel-like activity contains approximately seven trans-
membrane heliceslB, 16).

particles was fairly uniform, and the majority (63%) of the N contrast to the particles seen at pH 4.0, freeze-fracture
particles were measured between 61 and 80 A in diameterimages of annexin B12 containing liposomes at pH 5.3
These data are consistent with a model in which each showed no evidence of significant membrane penetration
molecule of transmembrane annexin B12 consists of several(Figure 6C). These data are consistent with EPR analysis,
transmembrane helices. Very few particles were observedShowing that the average immersion depth of the lipid-
in the 140 A size range. The significance of these larger €xPosed sites in the 13451 region was on the order of

particles, if any, is unknown, but the size is consistent with ~4—7 A (Figure 5C). Given the fact that R1 side chains are

Monomer N ey
H' /phospholipid ~ ™

)
ca* Tl

139143 147 151

Trimer

1 | H'/phospholipid

a dimer of the median-sized particles. typically ~7—10 A away from the center of a helixL,
32), it is therefore likely that the center of the 13951 helix
DISCUSSION is located at or slightly above the layer of the phosphates,

with significant exposure to the aqueous environment. The

Together with previous structural analysis, the present freeze fracture data and a previous chemical-labeling study
study demonstrates that annexin B12 can exist in at least(19) suggest that other regions of the protein might not
four distinctively different states: a soluble state of known significantly penetrate into the phosphatidylserine containing
crystal structure, a C&-dependent surface-bound triméJ,( membranes at pH 5.3 either. Considering the sequence
a pH-dependent peripherally bound form, and a pH-depend-similarity and the apparent similarity with which helical
ent transmembrane form (Figure 7 and ré2513, and16). hairpins reorganize into transmembrane helices at pH 4, it
The structure of the Ca-dependent membrane-bound form s therefore possible that several other helical hairpins, aside
is closely related to the crystal structure of the soluble protein from the region studied here, might refold into peripherally
(5, 6). In contrast, C&-independent binding to membranes hound helices at pH 5.3.
at mildly acidic pH induced major conformational reorga-  Further studies are needed to determine whether the
nizations (Figures 5 and 6 and refg, 13, and16). surface-bound form observed at intermediate pH values acts

There are a number of similarities and differences betweenas a kinetic intermediate during the formation of the
the structures of the two different pH-dependent membrane-transmembrane insertion of annexin B12. The ability to
bound forms. In both cases, the-B helical hairpin region convert reversibly between the different pH-bound forms
of repeat 2 (residues 13955) underwent inside-out refold-  strongly supports this possibility. Thus, the novel membrane-
ing that brought buried hydrophobic residues of the solution bound form of annexin B12 discovered here might provide
structure into contact with the hydrophobic part of the a model system for studying the mechanism of protein-
membrane (Figure 5 and r&6). Furthermore, in both cases, membrane insertion.
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