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ABSTRACT: Annexins are a family of calcium- and phospholipid-binding proteins involved with numerous
cellular processes including membrane fusion, ion channel activity, and heterocomplex formation with
other proteins. The annexin XII (ANXB12) crystal structure presented evidence that calcium mediates
the formation of a hexamer through a novel intermolecular calcium-binding site [Luecke et al. (1995)
Nature 378, 512-515]. In an attempt to disrupt hexamerization, we mutated a conserved key ligand in
the intermolecular calcium-binding site, Glu105, to lysine. Despite its occurrence in a new spacegroup,
the 1.93 Å resolution structure reveals a hexamer with the Lys105ε-amino group nearly superimposable
with the original intermolecular calcium position. Our analysis shows that the mutation is directly involved
in stabilizing the hexamer. The local residues are reoriented to retain affinity between the two trimers via
a pH-dependent switch residue, Glu76, which is now protonated, allowing it to form tandem hydrogen
bonds with the backbone carbonyl and nitrogen atoms of Thr103 located across the trimer interface. The
loss of the intermolecular calcium-binding site is recuperated by extensive hydrogen bonding favoring
hexamer stabilization. The presence of this mutant structure provides further evidence for hexameric annexin
XII, and possible in vivo roles are discussed.

Annexins are a family of Ca2+/phospholipid-binding
proteins which possess a canonical motif comprising of a
stretch of approximately 70 amino acids, usually repeated 4
times, responsible for calcium-dependent phospholipid bind-
ing (review in ref10). A highly variable N-terminal domain,
defined by its sequence and length, is believed to determine
individual annexin functions (24). These tails share sequence
similarity only at conserved phosphorylation sites for protein
kinase C (PKC) and tyrosine kinases (25). Putative annexin
functions include phospholipase A2 inhibition (PL-A2), cell
proliferation/differentiation, membrane fusion/aggregation,
exocytosis, PKC inhibition, and ion channel activity (33, 28,
10). It is evident that annexins mediate important cellular
events, yet their unique functions are still being researched.

Hydra Vulgaris annexin XII (ANXB12) has been shown
to be a marker for hydra head regeneration, localized in the
cytoplasm of ectodermal tentacle battery cells (26). Dramatic
increases in annexin XII expression occur at the base of the
tentacle in the newly formed battery cells (26), within the
tentacle zone where the stimulus for the epithelial to battery
cell differentiation event occurs (6). Annexin XII was found
to be phosphorylated by an endogenous hydra protein kinase
C in vitro (27). Since diacylglycerol (a PKC activator) will
induce and influence the regenerating body column tissue

into forming head structures, annexin XII phosphorylation
may be involved in signal transduction events. Therefore,
annexin XII expression in the newly formed battery cells
may be intimately associated with or occurs as a direct result
of the epithelial to battery cell differentiation process.

In crystals, annexins have been found as monomers (36),
dimers (18), trimers (4, 31), and hexamers (19). The annexin
XII crystal structure revealed a homohexamer shaped like a
double-concave disk about 100 Å in diameter and 70 Å thick
with a prominent central funnel-shaped pore evident along
the 3-fold axis. The annexin XII monomer fold is equivalent
to that of annexins I (36) and V (12), but in addition contains
six identical and novel intermolecular Ca2+ -binding sites
that were proposed to mediate the formation of the homo-
hexamer (19). Also present are the previously characterized
type II Ca2+-binding sites that are believed to mediate
phospholipid binding, with three of these occupied by
calcium in each monomer.

The type II calcium-binding site consensus sequence is
usually G-X-G-T-(38)-D/E, formed by the AB/DE-loops. The
calcium is typically coordinated by (i) 3 main chain carbonyl
oxygen atoms in the AB-loop, (ii) a bidentate carboxylate
group from an acidic side chain 38 residues downstream in
sequence located within helix D, and (iii) water molecule-
(s). With more waters serving as ligands than high-affinity
EF-hand calcium-binding sites, these type II sites are
geometrically more flexible, allowing for interactions with
acidic phospholipid headgroups. A “calcium-bridging” mech-
anism has been suggested to explain the tight, reversible
membrane binding (10, 28). A water molecule from the
apical position of the coordination sphere is indeed replaced
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by a phosphoryl oxygen of the phospholipid backbone,
allowing simultaneous calcium coordination between the
protein ligands and polar moieties of phospholipid molecules,
as shown by Swairjo and co-workers (32). Lower affinity
type III binding sites have been observed in which calcium
ions are bound to the DE-loop by one or two main chain
carbonyl oxygens, a bidentate carboxylate from the E helix,
and several water molecules as seen in the annexin I crystal
structure (36).

The novel calcium-binding site discovered in the wild-
type annexin XII hexamer is reminiscent of the type III
calcium-binding site with the backbone carbonyl oxygens
donated by Lys68 and Leu71 and the carboxylate by Glu76
of the domain 1 DE-loop. However, Glu76 is not bidentate
to the calcium since its OE1 is accepting a hydrogen bonded
from the backbone nitrogen of Thr103 in the opposing
monomer. This adjacent monomer also contributes a glutamate
(Glu105) carboxylate to this calcium to form a novel
intermolecular calcium-binding site believed to mediate
hexamer formation, occurring twice in each ‘dimer’.

Investigation of the multimeric states of annexin XII has
shown that the wild-type protein forms Ca2+-dependent
trimers/hexamers in solution (20) and trimers in the presence
of bilayers (16), as determined by chemical cross-linking and
by electron paramagnetic resonance (EPR), respectively.
However, the EPR experiments, performed at lower calcium
concentrations and in the absence of phospholipid vesicles,
failed to detect trimer and hexamer formation in solution.
Annexin V chemical cross-linking also showed calcium-
dependent formation of trimers, hexamers, and higher
aggregates in the presence of anionic phospholipids (3).
Further evidence for annexin calcium-dependent self-as-
sociation into higher oligomers, composed of 50× 150 Å
rods, was also shown for annexin VII (5).

In the present work, we decided to mutate the highly
conserved glutamate 105 to lysine (E105K) with the aim of
disrupting the intermolecular calcium-binding site of the
wild-type hexamer by the introduction of a nonfavorable
charge. As seen in the chemical cross-linking study by
Maillard and co-workers (20), the E105K mutation disrupted
the hexamerization event in solution. As revealed by nonactin
conductance probe experiments, dramatic differences exist
between the wild-type and E105K proteins with regard to
their interaction with planar bilayers (unpublished experi-
ments, with J. E. Hall, UCI). To investigate the basis of these
altered properties, we solved and refined the crystal structure
of the mutant E105K to a resolution of 1.93 Å.

MATERIALS AND METHODS

Subcloning, Mutagenesis, Expression, and Purification of
Annexin XII. Subcloning of theH. Vulgarisannexin XII gene
and subsequent site-directed mutagenesis of the intermo-
lecular Ca2+-binding site converting Glu105 to Lys105 were
done as previously described (20). Protein expression and
purification were also performed according to ref20.

Crystallization and Data Collection. Crystals of the E105K
mutant protein were grown at 4°C by the hanging-drop vapor
diffusion method. Protein (8 mg/mL) was mixed with an
equal volume of precipitant containing 0.2 M ammonium
acetate (Sigma), 0.1 M sodium citrate, pH 5.6 (Sigma), and
80% 2-methylpentanediol (Fluka), as based on the Crystal

Screen condition 21 (Hampton Research). Crystals appeared
after 4-5 days and grew within 10 days to a size of 0.2×
0.2 × 0.5 mm. Crystals haveP212121 symmetry with unit
cell dimensions ofa ) 68.94 Å,b ) 162.54 Å,c ) 188.80
Å. For data collection, crystals were cryo-cooled in nylon
loops at 100 K. X-ray diffraction data to 1.9 Å resolution,
consisting of 144 (∆æ ) 1.0°) frames, were collected at the
Stanford Synchrotron Radiation Laboratory (BL 7-1), pro-
cessed, and reduced with the program DENZO/SCALEPACK
(23), yielding a completeness of 92.5% andRsym of 5.6%.
Complete crystallographic statistics are shown in Table 1.

Structure Determination. Since the mutant protein crystal-
lized in a different spacegroup (P212121) than the wild-type
(P21), the structure was solved by molecular replacement.
TheVM suggested six molecules in the asymmetric unit, and
consequently the wild-type annexin XII hexamer (without
calciums) was used as the search model. The solution yielded
one hexamer in the asymmetric unit. X-PLOR (2) reported
an initial crystallographicR-factor of 37.3% for data with
anF/σ(F) > 3 between 2.5 and 10 Å which decreased to an
R-factor of 20.4% and anRfree of 29.2% after 100 cycles of
positional andB-factor refinement. This was followed by
refinement with SHELXL-97 (30), applying 6-fold noncrys-
tallographic symmetry (NCS) restraints for the entire model
(including restraints for the NCS-related isotropicB-factors).
More than 25 rounds of refinement and model building using
the program O (13) were employed to rebuild loop regions
and other areas. The types of maps used in model building
were 3Fo - 2Fc and positive and negativeFo - Fc. Once
the Rfree had dropped below 30% [F/σ(F) > 4], water

Table 1: Statistics for Data Collection and Refinement

spacegroup P212121

cell constants (Å) a ) 68.94,
b ) 162.54,
c ) 188.80

data collection resolution (Å) 1.90-25.0
reflections measured 969367
unique reflections 156877
mosaicity (deg) 0.42
Rsym (%),a overall 5.6
Rsym (%), 1.93-1.97 Å shell 28.3
averageI/σ(I) 20.6
averageI/σ(I), 1.93-1.97 Å shell 3.6
completeness (%), overall 92.5
completeness (%), 1.93-1.97 Å 93.8
non-hydrogen protein atoms 14768
calcium atoms 11
solvent molecules 926
refinement resolution range (Å) 1.93-10.00
reflections used for refinement 155796
R-factorb (%) for data withF > 4σ(F)/all data 20.8/23.0
Rfree

c (%) for data withF > 4 σ(F)/all data 26.3/28.7
rms standard deviations

bond lengths (Å) 0.009
bond angles (deg) 1.5

averageB value, protein (Å2) 29.8
averageB values, calcium (Å2)

domain II AB 51.8
domain III AB 39.8

averageB values, waters (Å2) 34.6
a Rsym) [ΣhΣi|(h,i) - 〈I(h)〉|/ΣhΣi |(h,i)] × 100, whereI(h,i) is the

intensity value of theith measurement ofh and 〈I(h)〉 is the corre-
sponding mean value ofh for all I measurements ofh. The summation
is over all measurements.b R-value) (Σ|Fo - Fc|/ΣFo) × 100. c Rfree

was calculated by randomly omitting 5% of the observed reflections
from refinement andR-factor calculation (2).
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molecules were introduced into positive difference density.
We found that removing NCS restraints from areas of
flexibility did not aid in map interpretation or data statistics.
Additionally, random displacement of atomic positions and
B-values from their current value using MAIN (34, 35) was
utilized in the late stages of refinement in order to reduce
model bias. The last round of model building involved using
an omit map of all the calciums and remodeling these. The
final model contains 14 768 non-hydrogen protein atoms, 11
bound calciums, and 926 waters. Using PROCHECK (17),
we found that 97% of the residues are in the most allowed
regions of the Ramachandran plot and the rest in the allowed
regions. Other crystallographic statistics are shown in Table
1.

RESULTS

OVerall Structure of E105K Annexin XII. The structure,
with the E105K mutation, was obtained from crystals grown
at pH 5.6 and at ambient (low) calcium concentration. Efforts
to grow the mutant crystals in the same conditions as
presented here but with varying calcium concentrations were
unsuccessful. Despite our efforts to disrupt hexamerization
by introducing the E105K mutation, the homohexameric
quaternary structure (chains A-F) adopted by the mutant is
essentially identical to the wild-type structure determined in
the presence of 10 mM calcium: two trimers are joined at
their convex faces containing the type II calcium-binding
sites on their perimeters as shown in Figure 1. Each monomer
consists of the four canonical domains, composed of five
R-helices wound in a right-handed superhelix, arranged in a
cyclic planar array. The complete N-terminal tail is well-
resolved and hydrogen-bonded to the protein core. The PKC
phosphorylation site, Thr6, is not solvent-exposed as its
hydroxyl moiety is hydrogen-bonded to the main chain

carbonyl oxygen of Ile313 as seen in the wild-type structure.
We speculate that in order to become phosphorylated, the
N-terminal must undergo a substantial conformational change
to expose the PKC site. Electrostatic interactions and
molecular surface complimentarity between two monomers
of adjoining trimers (dimer across trimers) contribute to the
formation of the hexamer. The intermolecular calcium-
binding site in the wild-type structure consists mainly of two
opposing negatively charged pockets stabilized by the
divalent calcium cation. To our surprise, rather than disrupt-
ing this electrostatic attraction as intended, theε-amino group
of Lys105 forms hydrogen-bonding partners with atoms
involved in coordination of the wild-type intermolecular
calcium cation. The mutant protein loses six calcium
coordination bonds and gains four hydrogen bonds, overall
retaining the hexameric quaternary structure.

Based on the membrane-aggregating properties of annex-
ins, it is conceivable that an alternate hexamer exists which
is formed by two trimers coming together at their concave
(N-terminal) sides, allowing the calcium-binding sites on the
convex faces to interact optimally with the phospholipid
headgroups of two different bilayers as shown in Figure 2.
Indeed, this alternate hexamer exists in both the annexin XII
wild-type and the E105K crystal forms. There is relatively
little contact surface area between trimers for this conforma-
tion in both annexin XII crystal structures compared to the
20% buried surface area in the hexamer described here and
previously (19). Interestingly, the few contacts along the
crystallographica-axis that exist between the trimers of the
alternate hexamer are conserved in this new (E105K) crystal
form as shown in Table 2. It is also noteworthy that the
contacts between hexamers in the wild-type unit cell are
predominantly hydrophobic whereas the mutant contacts are
primarily polar.

FIGURE 1: (a) Shown is the E105K hexamer viewed down the local 3-fold axis, with each subunit independently colored. The domain III
type II calciums are shown in yellow for those modeled and blue for that absent. The domain II calcium-binding sites are shown in magenta.
(b) Viewed from the side is the E105K mutation, repeated 6 times, represented by the blue stick model indicating its position at the convex
interface between the trimers. Figures made with Molscript (7) and rendered with Raster3D v2.3 (21).
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Type II Calcium-Binding Sites. In the wild-type structure,
which was crystallized at 10 mM calcium concentration, 18
peripheral type II calcium sites, proposed to be involved in
phospholipid binding, are occupied in domains I, III, and
IV. Surprisingly, the E105K mutant structure revealed that
some of these sites were occupied, even though calcium was
not added to the mother liquor during crystallization. Its
presence must be attributed to it being carried over from the
protein purification. The domain I AB-loop, consisting of
residues 26-32, has uninterrupted main chain electron
density but elevatedB-factors (average of 54.0 Å2). Differ-
ence electron density peaks indicated traces of solvent or
calcium in these sites, but none were modeled due to the
poor quality of the data in this region. It appears that the
E105K mutation affects the nearby D-helix Glu70 geometry
with respect to the AB-loop carbonyl ligands, therefore
affecting the affinity of this site. Only five of the six domain
III AB-loops (residues 180-187, with an averageB-factor
of 42.2 Å2) are fully occupied by calcium ions with an
averageB-factor of 51.8 Å2. A weak 2.5σ difference density
peak is present in the sixth (chain F) AB-loop, indicating
partial occupancy of the site. Coupled with geometry
indicative of calcium and not water, this was initially
modeled as Ca2+, but post-refinement indicated a high
B-factor (over 100 Å2) and was therefore removed from the
model. Unlike the other subunits, the chain F Ile185 side
chain is within van der Waals contact of a symmetry-related
molecule, distorting and thus preventing this loop from
adopting optimized coordination as observed from main-
chain breaks in electron density. The domain IV calcium-
binding loops (residues 257-262) were disordered through-
out refinement withB-factors averaging 95.9 Å2. Omit maps
based on the final model failed to show any difference
electron density, and this region was assigned zero oc-
cupancy. The averageB-factor for allR-carbons is 29.8 Å2,
about 20 Å2 higher than the wild-type 9.1 Å2 and consistently
so for most equivalent atoms as shown in Figure 3. The loop
regions exhibit increased motion as expected from partial
or lack of calcium occupancy.

Mixed Type II-III Calcium-Binding Site. The wild-type
structure does not contain a type II binding site in domain

II. The coordinating DE-loop glutamate 142 residue forms
a salt-bridge with two lysineε-amino groups, Lys99 from
the same chain and Lys68 from the adjoining monomer
(dimer across trimers), thereby sequestering it from coming
into the coordination sphere for calcium binding. The 1.93
Å resolution E105K structure, in contrast to the wild-type
2.8 Å resolution, shows the presence of calcium in these
loops, modeled late in refinement into 4.5σ difference density
peaks. These calcium-binding sites are only partially oc-
cupied, as seen by elevatedB-factors of the carbonyl ligands
and calcium, and the calcium ions were modeled at 0.5
occupancy with an averageB-factor of 39.8 Å2. This
difference does not appear to be related to local crystal-
packing differences, as there are no packing contacts within
15 Å. We believe that the observation of these calciums may
be due to two factors: (i) higher resolution data and (ii) the
nearby mutation inducing small but significant changes in
the positions of the main chain carbonyls, allowing for higher
calcium affinity. The geometry consists of one or two
backbone carbonyls from the AB-loop, with that from Met98
always present, and at least one water as shown in Figure 4.
The glutamate “capping” residue is an average of 3.6 Å away
from the calcium in an identical position as in the wild-type
structure and therefore not within the calcium coordination
sphere. Since this structure is a “low” calcium form, in
contrast to the calcium-loaded wild-type structure, it is
noteworthy that this site is even partially occupied while
many sites that were fully occupied in the wild-type structure
are now devoid of calcium.

The E105K Site. The glutamate to lysine mutation is
located at the trimer-trimer interface as shown in Figure
1b. In the wild-type structure, the intermolecular calcium is
coordinated by ligands from adjoining monomers (dimer
across trimers). One monomer contributes Glu76-OE2 and
the Lys-68 and Leu-71 backbone carbonyl oxygens, while
the opposite monomer contributes Glu105-OE2 with a
coordination distance of 2.19( 0.10 Å. It is likely that waters
contribute to the coordination (i.e., between the more distant
bidentate Asp230 and calcium), but none were modeled in
the wild-type structure. The Glu76-OE1 is hydrogen-bonded
to the Thr103 backbone nitrogen of the adjoining monomer.
Each “local” dimer forms two sets of all of these interactions
for a total of six. Hydrogen bonding and hydrophobic
interactions supplement these in stabilizing the hexamer
structure.

At first glance, the new E105Kε-amino group adopts the
role of calcium. It is hydrogen-bonded to Asp230 of the same
monomer and to the Lys68 and Leu71 backbone carbonyl
oxygens of the opposite monomer. Glu76 of the opposite
monomer, formerly a ligand in coordinating calcium, rotates
to form a tandem hydrogen bond with the backbone Thr103
carbonyl oxygen and nitrogen of the adjacent monomer, with
the new hydrogen bond between the protonated Glu76-OE2
and Thr103-CdO measuring 3.00( 0.21 Å. Furthermore,
well-ordered water molecules near this site may further
stabilize trimer-trimer interactions in the form of hydrogen
bonds with shared ligands between these two as seen in
Figure 5a. We expected, prior to the initial experiments, that
the mutation would abolish hexamer formation as determined
from chemical cross-linking studies. Yet, the hexamer persists
and undergoes only minor structural rearrangements to retain

FIGURE 2: Shown is the crystallographic packing of the hexamer
in both P21 (wild-type) andP212121 (E105K) crystal forms along
the crystallographica-axis. Each concave disk represents one trimer,
and the calciums are represented by gray circles. The hexamer is
formed by tight, Ca2+-mediated (wild-type) or pH-mediated (mu-
tant) association of two convex faces (labeledi). The alternate
hexamer which also exists in both crystal forms is comprised of
two trimers interacting via their concave or N-terminal sides (labeled
ii ). The proposed model of bilayer aggregation by the alternate
hexamer is also shown on the right where its calcium-binding sites
associate with two independent bilayers.
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Table 2: Atomic Contacts between Symmetry-Related Hexamers for the E105K Mutant (Left Column) and Wild-Type (Right Column)
Annexin XIIa

a The central hexamer is displaced along the unit cella, b, andc axes as indicated by the sym(ABC) column. We used XPAND (14) to generate
all symmetry-related atoms whose distance to the surface of the “central” hexamer was less than or equal to 5 Å which were then imported into
O for viewing. Hydrogen-bonding distances noted here were within 3.5 Å, and hydrophobic forces were cut off at 5 Å. The darkened cells represent
common intermolecular contacts along thea-axis between each hexamer. Note: *The geometries for these are weak and are included only because
these are not at all present in the mutant structure. **The 1,0,0 and-1,0,0 operators define the contacts of the alternate hexamer formed between
the concave sides containing the N-terminals along thea-axis. These are the only ones to be overall conserved among the two crystal forms with
some degree of variation. The packing contacts along theb,c axes are quite different between the wild type (P21) and mutant (P212121) structures.
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its structure. The presence of the hexamer in a new crystal
form along with its surprising intermolecular interaction
provides additional support for the idea that the hexamer has
a biological function, albeit as yet unknown.

Proposed Mechanism for Hexamerization in the E105K
Mutant. In the wild-type structure, the intermolecular Ca2+

balances the negative Glu105 carboxylate and DE-loop
carbonyl oxygens and negative Glu76 carboxylate from helix
E. Aside from lacking calcium, the mutant protein was
crystallized at pH 5.6 where protonation states of ionizable
groups differ from those in the wild-type pH 7.8 structure.
Glu76, being hydrogen-bonded to the respective hydrogen
bond donor/acceptor of the Thr103 backbone, must be
protonated to adopt such an interaction. The wild-type
structure lacks this latter feature. In this model, the Glu76
pKa would have to be elevated by 2-2.5 pH units in order
to retain a proton at this pH. Furthermore, as Glu76 is pushed
away from the E105K region, it becomes buried and
energetically unfavorable for it to be charged rather than
protonated. As seen in Figure 5, the E105K region is
composed of numerous intermolecular hydrogen bonds
formed between Lys105 and surrounding oxygens as well
as a tandem hydrogen bond interaction between Glu76 of
one molecule and Thr103 of another molecule. We propose
that these new interactions can offset hexamer destabilization
caused by the loss of calcium binding in the conditions
described here. As previously studied, neither chemical cross-
linking (20) nor small-angle X-ray scattering (SAXS, un-
published data) show the presence of E105K hexamers at
pH 7.4 and 7.7, respectively, but do so for the wild-type
protein. However, SAXS shows hexamerization to be
maximal at pH 5.0 in a calcium-independentfashion. Because
other ionizable intermolecular interactions are unchanged,
the Glu76-COOHto Thr103-CdO hydrogen bond is the most
likely candidate for a pH-dependenthexamerization switch.
With Glu76 protonated at pH 5.6, an increase in pH would
deprotonate the carboxylic acid OE2, thus dissociating the
hydrogen bond with the Thr103 carbonyl oxygen as shown
in Figure 6.

DISCUSSION

Setting out to disrupt the electrostatic balance of the
intermolecular calcium-binding site by replacing the wild-
type conserved glutamate with lysine at position 105, we
expected the mutation to prevent intermolecular calcium-
binding and hexamerization. Contrary to our expectations,
the mutation stabilizes the hexamer under the crystallization
conditions used here.

Theε-amino group of Glu105Lys is nearly superimposable
with the original intermolecular calcium position, at first
suggesting that it takes the role of calcium in hexamerization.
However, the hydrogen bonds between the Lys105ε-amino
group, the Asp230 carboxylate, and the DE-loop carbonyl
oxygens do not suffice for hexamerization. Upon protonation,
the new Glu76-COOH-Thr103-CdO hydrogen bond ap-
pears to be responsible for pH-dependent hexamerization.
Repeated 6 times in the hexamer, each bond contributes 0.5-
1.5 kJ/mol, and if lost upon increase of pH or addition of
calcium, would account for a substantial destabilization
contributing to hexamer breakdown. Aside from the elec-
trostatic and steric complimentarity at the trimer-trimer
interface, the balance for hexamer formation relies on this
intermolecular site to provide the interactions needed for
stability, whether it is in the mutant or wild-type structure.
Initially, the presence of the hexamer was thought to be an
artifact of crystal-packing forces. A rigorous analysis of
crystal-packing contacts in both the wild-type and mutant
structures revealed that these are essentially identical between
the concave sides of the hexamer but not between side-to-
side inter-hexameric interactions. Conservation of these
contacts between the two crystal forms is indicative of the
preference of the protein for face-to-face stacking of
individual trimers. An alternate hexamer could be envisioned
as containing the trimers complexed at their concave sides,
allowing the calcium/phospholipid-binding sites to be fully
accessible for membrane aggregation and possibly fusion as
shown in Figure 2. The crystal contacts of this trimer-trimer
interface are indeed conserved, but there is very little buried
surface reminiscent of protein-protein binding sites. How-
ever, it is believed that annexins “flatten” upon membrane
binding, allowing all the Ca2+/phospholipid-binding sites to
come within close contact to the bilayer (37). If so, the
contacts between an alternate hexamer might increase and
allow for two trimers, each bound to a different bilayer, to
form a tight complex bringing these close together as one
might expect for vesicular aggregation/fusion events. Cryo-
electron microscopy has shown that annexins I and II
aggregate membranes by a mechanism where each annexin
molecule interacts with one bilayer by its convex face and
with the other annexin via its N-terminal concave face
forming intermembrane protein junctions (15). The distance
between the centers of the phospholipid headgroups, and
thereby the measurement of this protein-mediated junction,
of the two outer leaflets is 80 Å for annexin I and 81 Å for
annexin II. In light of this, and with our annexin XII
crystallographic hexamers displaying a thickness of 70 Å,
the alternate hexamer is an attractive candidate for the form
of the protein at this junction.

Oligomerization via a virtually identical pH-dependent
switch previously has been described for human thioredoxin
(1). Human thioredoxin is normally functional as a monomer

FIGURE 3: Plot of theB-factors of the wild type (grey spline) and
the Glu105Lys mutant form (black spline).B-factors were averaged
from all six NCS-related copies. The mutantB-factors are, on a
per residue basis, approximately 20 Å2 higher than the wild-type
structure except in the calcium-binding site regions which have
higher disorder.
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(reviewed by11) but has been shown to exist as inactive
homodimers, with their active site buried at the dimer
interface (38). It was proposed that the possible role of such
an inactive form is a mechanism for sensing oxidative stress
in tissues or a protective mechanism for the active site of
the protein during secretion (1, 38). As shown in subsequent

experiments, the interaction occurs pH-dependently via an
aspartic acid residue at the dimer interface with an elevated
pKa of 6.5 (1). Mutation of this residue to asparagine revealed
a pH-independent dimer, in solution and crystallographically,
nearly identical to the wild-type thioredoxin, implicating the
proposed aspartate/aspartic acid switch in dimerization. We

FIGURE 4: Stereoview of the domain II AB-loop binding calcium site where the Glu142 capping residue is involved in two salt-bridges
with the loop Lys99 side chain and the Lys68 of the adjacent monomer. This causes the Glu142 side chain to face away from the AB-loop,
yet partial occupancy of calcium (orange) in all six AB-loops is observed despite the absence of a capping residue. The Lys99 side chain
is more flexible than Lys68, indicating that hexamer formation, donating Lys68 from the adjacent trimers, prevents proper orientation of
Glu142 for optimal calcium binding. Water ligands are shown in green. The 2Fo - Fc electron density maps are contoured at 1σ. Figure
made with Molscript and Raster3D.

FIGURE 5: View of the E105K mutation site. (a) A stereoplot of a 2Fo - Fc electron density map in blue, contoured at 1.0σ, shows the
quality of the model in the area of the E105K mutation. The Lys105 side chain fits comfortably in the overall negatively charged area of
the DE-loop while Glu76 is itself mostly buried and hydrogen-bonded to the Thr103 peptide backbone. A cluster of water molecules is seen
close to this region; these are shown as green spheres. Also shown is the overall difference in ligand coordination and hydrogen bonding
between (b) the wild-type structure and (c) the mutant structure. It is evident that Glu76 rotates to form a new hydrogen bond (green). Setor
(8) was used for (a) and Molscript/Raster3D for (b) and (c).
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would predict a similar outcome if we were to mutate the
annexin XII E105K mutant additionally Glu76 to Gln, one
where the pH-dependent hydrogen bond between Glu76 and
Thr103 would be replaced by a pH-independent hydrogen
bond between the glutamine side chain amide group. The
idea that annexin XII may be forming a hexamer as shown
here and in the wild-type form may indicate a process in
which the protein nearly buries its calcium-binding sites as
a means of functional self-regulation. The affinity of the
domain II site (unoccupied in the wild-type structure, partially
occupied in the E105K structure) may be similar to that in
annexin IV, where mutation of the second domain calcium
site has a more dramatic effect on membrane aggregation
than on binding (22). Therefore, hexamerization may control
the aggregation properties of wild-type annexin XII by
preventing domain II calcium binding. Compared to the
trimeric form, the hexamer peripheral type II calcium-binding
sites are less accessible to membrane binding, but upon doing
so may have a synergistic effect allowing increased mem-
brane binding and hexamer dissociation as the domain II type
II site would be freed for calcium and phospholipid binding.
The equilibrium of multimeric states, based on the ratio
between membrane-bound and free annexin, would also
influence the rate of membrane binding in addition to local
calcium concentrations and other factors such as phospho-
rylation.

We observed that addition of calcium to the mutant crystals
breaks up their crystal lattice. A possible mechanism is that
calcium not only floods the peripheral type II calcium-
binding sites but also returns to the intermolecular binding
site where it encounters the bulky positively charged lysine,
repulses it, and therefore destabilizes the hexamer intermo-
lecular interface. As the two trimers begin to dissociate upon
calcium binding to the DE-loop carbonyl oxygens, Glu76
would become solvent-exposed and lose its proton, becoming
a calcium ligand forming a true type III site.

The mutation caused local perturbations and led to calcium
occupying the domain II AB-loop, which was not observed
in the wild-type structure. The domain II capping residue,
Glu142, forms salt-bridges with both Lys99 from the same
monomer and Lys68 from the opposing monomer. The Lys68
side chain binding at the intermolecular hexamerization site
does not appear to veer substantially from its wild-type
position. However, the domain II AB-loop-conserved Thr103
attains new interactions with Glu76 of the adjoining mono-
mer. These interactions might be responsible for a slight but
significant rearrangement of the AB-loop allowing it to bind
calcium, even if weakly, as shown. Physiologically, the loss
of this salt-bridge upon trimeric binding to the membrane
would liberate the Glu142 and allow it to sequester calcium
into the type II calcium-binding site. If present in vivo, this
hexameric bridge may act as a mechanism for regulating the
amount of calcium bound to the protein and therefore affect
membrane-binding affinity.

A similar account has been observed in theNaja naja naja
phospholipase A2 where it is proposed that binding of
calcium, not in the cofactor site but in the catalytic site, might
disrupt the inactive trimer, allowing it to bind phospholipid
headgroups (9). More recently,N. naja najaphospholipase
A2 was crystallized in two novel crystal forms which also
formed trimers, now believed to be a unique feature of the
N. naja najaenzyme (29). Interestingly, the calcium-free
form shows a calcium-binding glycine-rich loop with an
arginine side chainη1 nitrogen atom positioned in the
proposed second Ca2+-binding site (9, 29). It is believed that
Ca2+ binding at this second site would cause a conformational
change in the arginine side chain and allow the glycine loop
to rearrange itself, allowing cofactor Ca2+ binding. Further-
more, the catalytic pocket created by the arginine movement
is believed to be the site of phospholipid headgroup binding.
Under the right physiological conditions, calcium binding
in the domain II AB-loop might in fact cause Lys68 motions

FIGURE 6: Illustration of the pH-dependent switch model for the mutant annexin XII. The Glu105Lys mutation, occurring 6 times throughout
the hexamer, is represented here. The dimer pairs are AE, BD, and CF as indicated. At the pH of crystallization, the lysineε-amino group
is hydrogen-bonded to the DE-loop carbonyl oxygens, and Glu76 forms two hydrogen bonds with the Thr103 backbone. The protonated
state of Glu76-COOHstabilizes the hexamer formation. Increasing the pH would cause deprotonation, causing each of the six sites to lose
their bond to Thr103-CdO. The resulting buried charge would destabilize the hexamer assembly and therefore dissociate the hexamer as
shown. It is worth noting that Glu76 in the dissociated state would be amenable to form a type III bidentate ligand to the now free DE-loop
carbonyls.
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large enough to disrupt the intermolecular calcium-binding
site it is a part of through its position in the DE-loop,
therefore causing hexamer dissociation.

Annexin XII may exhibit such uniqueness in its ability to
adopt a plethora of multimeric states, allowing them to adapt
to cellular stimuli. Further characterization of the various
oligomeric states of annexin XII is under way using a variety
of techniques including analytical size-exclusion chroma-
tography, dynamic light scattering, small-angle X-ray scat-
tering (manuscript in preparation), and additional EPR in
light of current hypotheses. In vivo characterization will
prove to be the most difficult yet the most rewarding.
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