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ABSTRACT: Phosphorylation of some members of the annexin family of proteins may play a significant
role in controlling their calcium-dependent interactions with membranes. Recent electron microscopic
studies of annexin VI revealed that the protein’s two core domains exhibit a great degree of flexibility
and are able to undergo a relative conformational change that could potentially initiate contacts between
membranes [Avila-Sakar, A. J., et al. (2000)J. Struct. Biol. 130, 54-62]. To assess the possibility of a
regulatory role of phosphorylation in this behavior, the crystal structure of a phosphorylation-mimicking
mutant (T356D in the flexible connector region of human annexin VI) was determined to 2.65 Å resolution.
When the mutant is compared to the wild-type annexin VI, subtle differences are seen at the site of the
mutation, while larger changes are evident in one of the calcium-binding loops and in the presence of
five calcium ions. Furthermore, biochemical studies provide evidence for additional conformational
differences between the T356D and wild-type solution structures. Fluorescence emission and acrylamide
quenching suggest a higher level of solvent exposure of Trp-343 in the connector region of T356D in the
presence of calcium. Comparisons of retardation coefficients in native gel electrophoresis reveal that T356D
has a more extended shape, while proteolytic studies show a greater accessibility of a trypsin cleavage
site inside the linker region, indicating a conformation more open than the wild-type form. These data
provide insights into a possible regulatory mechanism leading to a higher degree of flexibility and possibly
a higher calcium binding affinity of annexin VI upon phosphorylation.

The annexins are a family of soluble proteins capable of
binding phospholipids in a calcium-dependent manner (1).
Some members of the family are believed to participate in a
variety of membrane-membrane interactions due to their
ability to aggregate phospholipid vesicles and biological
membranes (2), although their physiological functions have
not been determined with certainty.

Serine, threonine, and tyrosine phosphorylation of annexins
occurs preferentially in the unique N-terminal domains of
the proteins. Although it is known that these phosphorylations
take place in vivo, their physiological significance remains
the subject of investigation. However, in vitro experiments
reveal significant impacts of phosphorylation on the mem-
brane binding and lipid aggregation properties of various
annexins (see ref3 for an overview).

This study focuses on the impact of phosphorylation on
the structural and functional properties of annexin VI.
Annexin VI is the only member of the annexin family that
contains eight “endonexin fold” repeats instead of four and

has approximately twice the molecular mass of other
annexins (70 kDa). This organization presumably arose from
gene duplication during evolution (4). The eight repeats are
organized into two core domains of four repeats, each with
a disklike shape. The two disks or lobes are connected
through a flexible connector. The crystal structure of annexin
VI reveals a perpendicular orientation of its two lobes (5, 6)
that can be observed in both the calcium-bound and calcium-
free forms. Once membrane binding takes place, a confor-
mational change seems to take place, as indicated by electron
micrographs of two-dimensional crystals of annexin VI on
lipid monolayers (5, 6), allowing the two planes of the cores
to face a single membrane in a “parallel” manner. However,
recent three-dimensional images of membrane-bound annexin
VI reveal that one of the cores may twist 180° about the
flexible linker (7). The resulting “antiparallel” orientation is
surprising, as the convex face of one of the lobes, with its
high affinity for phospholipids, would thus face away from
the membrane. Nevertheless, in this position, the protein
might be able to bind two closely apposed membranes
simultaneously.

It has been reported that annexin VI becomes phospho-
rylated in murine Swiss 3T3 fibroblasts in a growth-
dependent manner on serine and threonine (8). Although
these sites of phosphorylation have not been mapped, it
seems likely they represent the canonical phosphorylation
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site at the N-terminus of annexin VI (Ser-13) and the
homologous site in the linker between the two core lobes
(Thr-356). Comparison of phosphorylation sites in annexin
IV and the conformation of similar sites in annexin VI in
the extended coils preceding domains I and V (Ser-13 and
Thr-356) reveal a remarkable structural similarity to each
other. Ser-13 and Thr-356 are buried in pockets of repeats I
and V, and are surrounded by a similar hydrogen bond
network with both residues inaccessible to the solvent (7).
For phosphorylation to occur, Thr-356 must emerge from
the pocket and possibly propagate a structural change through
the polypeptide chain to the region of the intercore linker.
This mechanism could regulate the flexibility of annexin VI
to bind either one membrane with both cores in a “parallel”
orientation or two membranes in the antiparallel orientation
in the cell and in the latter case initiate contacts between
two independent membranes.

To probe the effects of phosphorylation of Thr-356, we
determined the crystal structure of a phosphorylation-
mimicking mutant (T356D)1 to assess any conformational
changes in the three-dimensional structure. In addition, we
performed a detailed biochemical characterization of T356D
to study differences in the dynamic properties of the
phosphorylation-mimicking mutant in terms of calcium
binding, flexibility, stability in solution, and membrane
interactions.

MATERIALS AND METHODS

Construction of Yeast Expression Vectors for Wild-Type
and T356D Mutant Human Annexin VI.An expression
plasmid encoding wild-type human annexin VI (without the
splice insert in the seventh repeat) was a gift from S. Moss
at University College London (London, U.K.). The coding
sequence was amplified by PCR using primers that intro-
duced SalI and HindIII restriction sites adjacent to the
initiation codon and termination codon, respectively (SalI
primer, 5′-GGC GTC GAC ATG GCC AAA CCA GCA
CAGGGT G-3′; HindIII primer A, 5′-CGC AAG CTT CTA
GTC CTC ACC ACC ACA GAG-3′), and the product was
ligated into the yeast expression vector YepDB60, which
drives expression under the control of theGAL10promoter
(9).

To introduce the T356D mutation, the portions of the
cDNA encoding the two lobes of annexin VI were amplified
by PCR independently, introducing a newHindIII site in
the linker region [causing silent changes in the codons for
Ala-371 (GCG to GCT) and Leu-372 (CTG to TTG)] and
changing the codon for Thr-356 (ACT) to GAT (Asp) as
follows. DNA encoding the first lobe and the connecting
region were amplified using theSalI primer described above
with a newHindIII mutagenizing primer (5′-CGC AAA GCT
TTG GCA TCT GCG TCA GGG TTG AAG TCA TTG
GCT GGG CGC ACA TCT CCC TTC AGC-3′). The
product was ligated into YepDB60 cut withSalI andHindIII;
DNA encoding the second lobe was amplified using the

HindIII primer A described above and a newHindIII primer
B (5′-GCC AAA GCT TTG CGG AAA GCC ATG AAG
GGA CTC G). The product was ligated into YepDB60
encoding the mutagenized first lobe and connecting linker
cut withHindIII, and the correct orientation was determined
by restriction mapping. The mutation was verified by
sequencing of the expression plasmid and of the protein
product after cleavage in the linker region by trypsin.

Expression and Isolation of Recombinant Annexin Pro-
teins. Saccharomyces cereVisiae strain NY606 (P. Novick,
Yale University, New Haven, CT) or protease deficient strain
DB334pep4- (D. Burke, University of Virginia) harboring the
annexin VI expression vectors described above was grown
in a synthetic galactose-containing minimal medium to a cell
density of 8× 107 cells/mL as described previously (10).
At this density, the cells were harvested by centrifugation
and pellets were resuspended in 50 mM Hepes (pH 7.4), 5
mM EGTA, and 150 mM NaCl and stored at-80 °C. Ten
grams of yeast pellet was processed by milling with glass
beads in a Biospec Products (Bartelsville, OK) Bead-beater
for 10 cycles of 90 s each with a resting time of 60 s on ice
between cycles. The resulting crude cell extract was further
purified by reversible calcium-dependent binding to artificial
lipid vesicles as described previously (10). Briefly, after a
low-speed and a high-speed centrifugation step at 10000g
and 100000g, respectively, the soluble fraction was combined
with artificial liposomes [from 300 mg of brain lipid extract
(Sigma product B1502, containing 50% phosphatidylserine),
resuspended in 10 mL of 50 mM Hepes (pH 7.4) and 150
mM NaCl, sonicated for 1 min, and washed in the same
buffer] and 8 mM Ca2+. After the annexin was allowed to
bind to the lipids for 5 min on ice, the liposomes were
collected at 20000g for 15 min and washed with 50 mM
Hepes (pH 7.4) and 2 mM CaCl2 and then with 50 mM
Hepes (pH 7.4), 2 mM CaCl2, and 150 mM NaCl. The bound
annexin was released from the lipid fraction by resuspension
in 20 mM Hepes (pH 7.4) and 10 mM EGTA at least twice.
The protein fractions were applied to a Poros Q (PerSeptive
Biosystems) column and eluted with a linear 0 to 1 M KCl
gradient. After ion exchange, the buffer was changed to 20
mM Tris-HCl (pH 7.4) by ultrafiltration, and the homogene-
ity of the isolated protein was judged by SDS-PAGE
analysis (Coomassie stain). Due to the increased sensitivity
of the T356D annexin VI to proteolysis during storage,
protease inhibitors were added during the final steps of
isolation.

Protein concentrations were determined by the method of
Bradford (11) or UV absorption at 276 nm using a molar
absorption coefficient for annexin VI of 41,180 M-1 cm-1

and a molecular mass of 70 kDa.
Liposome and Protein Self-Aggregation Assays.Aggrega-

tion of bovine brain liposomes (Sigma product B1502,
containing 50% phosphatidylserine) was followed by moni-
toring the changes in absorbance at 350 nm in a Beckmann
DU70 recording spectrophotometer. Assays were carried out
for 10 min in 1 cm quartz cuvettes at room temperature in
a buffer containing 20 mM Hepes (pH 7.4), 0.5 mM MgCl2,
10µg of protein, and various concentrations of free calcium.
The assay was initiated by addition of liposomes to a final
concentration of 10µM.

Protein self-association was similarly measured by fol-
lowing the changes in turbidity at 350 nm. Increasing

1 Abbreviations: T356D, Thr-356f Asp site-directed mutant;
EGTA, ethylene glycol bis(â-aminoethyl ether)-N,N,N′,N′-tetraacetic
acid; HEPES,N-(2-hydroxyethyl)piperazine-N′-2-propanesulfonic acid;
Tris-HCl, tris(hydroxymethyl)aminoethane; PBS, phosphate-buffered
saline; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis.
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amounts of calcium were added to 10µg of protein in 20
mM Tris-HCl (pH 7.4), and absorbance was measured at
350 nm. The curves were corrected by subtracting the
absorbance at 0 M calcium.

Fluorescence Measurements.Fluorescence measurements
were taken using a SPEX Fluorolog spectrofluorimeter.
Tryptophan excitation was at 280 or 295 nm with emission
spectra recorded from 300 to 380 nm. Protein solutions were
approximately 0.1 mg/mL in 20 mM Tris-HCl (pH 7.4).
Spectra were generally accumulated over three scans with a
step width of 1 nm/s, corrected for the solvent background,
and normalized at maximum fluorescence emission.

An increase in fluorescence emission intensity at 353 nm
for the wild-type and T356D annexin VI was used to monitor
calcium binding in the absence or presence of phospholipids.
For these measurements, calcium was added in small aliquots
from a concentrated stock. Intensity differences at 353 nm
(I - Io) were taken from normalized spectra and plotted as
Hill plots in a semilogarithmic fashion. The resulting binding
curves were fitted using the nonlinear regression function
of GraphPad Prism version 3.02 for Windows (GraphPad
Software). Acrylamide quenching was detected by adding
increasing amounts of acrylamide from a 5.7 M stock
solution to the protein samples. Stern-Volmer quenching
constants were calculated from least-squares fits to Stern-
Volmer plots corresponding to the intensity at 353 nm.

For urea denaturation experiments, 0.1 mg/mL protein was
incubated with various amounts of a freshly prepared urea
solution overnight at 25°C. Fluorescence emission was
monitored at 362 nm. When a two-state character of the
unfolding of annexin VI was assumed, the values for [D]1/2

(concentration of the denaturant where 50% of the protein
is unfolded) and∆G°N-D (free energy of unfolding in the
absence of denaturant) were determined by the linear
extrapolation method (12).

Analytical Trypsin Digest.Analytical trypsin digests were
performed by incubating 1µg of protein with 0.05µg of
trypsin in 0.1 M ammonium bicarbonate (pH 8.5). The
reaction was stopped by adding SDS sample buffer and
heating to 100°C for 2 min. Samples were taken after 0,
10, 30, and 60 min and analyzed by standard SDS-PAGE.
After SDS-PAGE, the protein bands were electroeluted onto
a PVDF membrane (ProBlott, Applied Biosystems) according
to the manufacturer’s instructions and stained with Coo-
massie Blue. N-Terminal (Edman) sequencing was then was
performed on an Applied Biosystems Procise protein se-
quencer (Biomolecular Research Facility of the University
of Virginia) to identify the trypsin cleavage sites.

Nondenaturing Polyacrylamide Gel Electrophoretic Analy-
sis. Samples of wild-type annexin VI and T356D were
analyzed in polyacrylamide gels in the absence of SDS. For
a range of acrylamide concentrations from 5 to 13%, separate
gels were prepared and electrophoresis was performed in a
buffer consisting of 50 mM Tris-HCl (pH 8.3) and 5 mM
EGTA; 30µg of both wild-type and T356D annexin VI were
applied in each gel, and all gels from one set of experiments
were run at 40 mV for 4 h simultaneously. Calculation of
the coefficient of retardation from the mobility of the
different proteins was achieved by plotting values for
migration against concentrations of polyacrylamide. The
slopes of the linear regression of the resulting Ferguson plot
represent the coefficients of retardation (13).

Circular Dichroism and Thermal Denaturation Experi-
ments.CD spectra were recorded on an AVIV 215 CD
spectrometer (AVIV Instruments) equipped with CDS soft-
ware for automated data acquisition and processing. Quartz
cells of with an optical path length of 0.1 cm and protein
concentrations of 0.3 mg/mL in NaCl/Pi (140 mM sodium
chloride, 4 mM sodium phosphate, and 1.5 mM potassium
phosphate) with 1 mM EGTA or 2 mM free calcium were
used.

Melting curves for wild-type annexin VI and T356D were
recorded by monitoring changes in the dichroic intensities
at 222 nm. For thermal denaturation experiments in the range
of 20-80 °C, a heating rate of 1°C/min was applied with
an equilibration time of 2 min at each temperature. Ther-
modynamic parameters were determined by global fitting of
the unfolding profiles according to the Gibbs-Helmholtz
equation using the nonlinear regression analysis program
KaleidaGraph (version 3.0, Synergy Software, PCS Inc., for
Macintosh).

Crystallographic Analysis of T356D.Recombinant T356D
annexin VI was crystallized at room temperature by the
hanging drop method. The reservoir composition was 0.5
M sodium acetate buffered with 0.1 M imidazole (pH 7.4).
Seven microliters of the protein solution (15-20 mg/mL)
was mixed with 3µL of the reservoir to prepare the hanging
drop. Although neither calcium nor EGTA was added, the
free calcium concentration in the buffer combination used
for the crystallization drop was 4µM (in the absence of
protein) as measured with a calcium sensitive electrode.
Crystals appeared after 2 days and grew to a maximal size
of 0.1 mm× 0.1 mm× 0.5 mm. Attempts to crystallize
T356D annexin VI in the presence of up to 0.5-1 mM
calcium resulted only in heavy microcrystalline precipitation
in the crystallization droplet, while soaking calcium-free
crystals in mother liquor containing 1 mM calcium caused
cracking of the crystals as reported for wild-type annexin
VI (human) (5).

X-ray diffraction was assessed using synchrotron radiation
(λ ) 0.971 Å) at the Brookhaven National Laboratory
Synchrotron, beamline X4A, to 2.50 Å resolution. Prior to
data collection, crystals were flash-frozen in liquid nitrogen
after soaking in mother liquor with 35% ethylene glycol as
a cryoprotectant and kept at that temperature during the
measurement. One degree oscillation frames were acquired
on image plates and scanned by a Fuji scanner. Data were
reduced and scaled using HKL2000 and SCALEPACK (14).

The structure was determined by molecular replacement,
using the coordinates of human wild-type annexin VI as a
model. Crystals of T356D were found to be isomorphous
with theP4(3) crystals of both human wild-type annexin VI
and bovine annexin VI. Molecular replacement and refine-
ment were performed using CNS-SOLVE (15). Model
building was carried out in O (16). Cycles of rebuilding, re-
finement, and calculation of difference and simulated an-
nealing omit maps improved the model to its final form. Data
collection and refinement statistics are listed in Table 1.

RESULTS

Crystallographic Analysis of T356D Annexin VI.Com-
parison of the T356D and wild-type annexin VI structures
shows that the overall conformations of the molecular
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structures are quite similar. The two core domains, A and
B, in T356D are found in the same perpendicular orien-
tation as in the wild-type structures of (calcium-free)

human annexin VI (5) and (calcium-containing) bovine
annexin VI (6) (Figure 1). The root-mean-square deviation
for the backbone in core A is 0.74 Å and for that in core
domain B 0.80 Å. The root-mean-square deviation in the
linker region where the mutation occurs is 0.71 Å for the
complete length of the linker (residues 320-360) and only
0.39 Å for residues 340-360.

At the site of the mutation, additional electron density is
found reflecting the presence of the introduced aspartate
residue. The protein circumvents steric clashes and negative
repulsion of the larger side chain and the additional negative
charge by flipping the carbonyl oxygen of the nearby Cys-
669 by 180°, inducing conformational changes in the
subsequent C-terminal residues as shown in Figure 1B and
reflected by the changes of the values forφ and ψ (Cys-
669, -48.94° and 151.76° for T356D vs -40.26° and
-55.12° for the wild type, respectively). By adjustment of
the five C-terminal residues, the protein structure is able to
accommodate the changes introduced by the mutation
without further conformational rearrangements of the con-
nector region.

However, some conformational changes are evident in one
of the calcium-binding loops in the T356D structure (Figure
2). A-B loop V (i.e., between the A and B helix V) is in a

Table 1: Crystallographic Data and Refinement Statistics for the
Structure Solution of T356D

crystallographic data
space group P4(3)
cell dimensions a ) 67.97 Å,

b ) 67.97 Å,
c ) 204.6 Å,
R ) â ) γ ) 90°

resolution range (Å) 50-2.5
no. of unique reflections 32036
completeness (%)

(highest-resolution shell)
97.2 (99.7)

Rmerge 0.089
model refinement

applied resolution limit (Å) 2.65
no. of reflections used in refinement 26029
no. of non-H atoms 5264
no. of calcium ions 5
no. of water ions 148
Rcryst 0.225
Rfree 0.279
rmsd for bond lengths (Å) 0.006901
rmsd for angles (deg) 1.23886
averageB factor (Å2) 42.8

FIGURE 1: (A) Ribbon representation of the T356D annexin VI structure determined in this study. Bound calcium atoms are represented
as yellow balls, and the binding loops are labeled. Asp at position 356 in the interlobe connector region (orange) is presented as a stick
model in red. Core domain A is in red and core domain B in blue. (B) Stereoview of the site of mutation T356D. The wild-type annexin
VI molecule in green is overlaid with T356D in gray with carbonyl and carboxyl oxygens in red. The backbone carboxyl group of Cys-669
of the interacting C-terminal fragment of the molecule is flipped over by 180° in the T356D structure to circumvent sterical clashes by the
introduced aspartate. This figure was generated using Swissprot PDB Viewer (34).
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more open conformation than in the crystal structure of the
human wild-type structure and resembles more the confor-
mation of the corresponding A-B loop V in the bovine
calcium-containing structure as depicted in Figure 2. Interest-
ingly, this putative calcium-binding loop and four other
calcium-binding sites are occupied by calcium ions in the
T356D structure despite crystallization in the presence of
only residual amounts of free calcium (4µM). The calcium-
containing bovine annexin VI structure was determined in
the presence of 600µM free calcium (6). Other calcium-
bound annexin structures have usually been determined with
millimolar amounts of total calcium in the crystallization
medium (17-19).

While the human wild-type structure has no calcium
molecules present in the crystal structure, the densities for
the five calcium ions in the T356D structure are coordinated
in a similar manner compared to the coordination of calcium
in the bovine annexin VI structure (Table 2). The five A-B
loops occupied in T356D annexin VI belong to the high-
affinity type II calcium-binding sites (20), while the D-E
binding loop at Trp-192 which is also occupied in the bovine
crystal structure but is empty in our structure belongs to the

low-affinity type III class. Apparently, with the small calcium
amounts in our experiment, only high-affinity binding sites
are occupied.

Electrophoretic Mobility of Wild-Type Annexin VI and
T356D under Nondenaturing Conditions.Native gel elec-
trophoresis was performed on T356D and wild-type annexin
VI to assess different migration properties of the two protein
variants. Because retardation of proteins by polyacrylamide
is dependent on both the net charge and the particle size
and shape, this method can be utilized to detect differences
in native conformations (13). Figure 3A shows native
polyacrylamide gels probing the migration properties of the
wild type and T356D at different polyacrylamide concentra-
tions (5-11%). It is clearly visible that T356D migrates faster
than the wild-type protein at low polyacrylamide concentra-
tions due to the additional charge introduced by the Tf D
mutation. On the other hand, T356D migrates more slowly
than the wild type at high polyacrylamide concentrations,
implying a more extended shape in comparison to the wild-
type protein since the molecular masses of the two proteins
are virtually the same. Evaluation of the resulting Ferguson
plots (Figure 3B) for both proteins shows an 11% higher
coefficient of retardation for T356D annexin VI. It has been
shown previously that there is a linear correlation between
the square root of the coefficients of retardation and the

FIGURE 2: A-B loop V has a conformation in the calcium-bound
annexin VI structure significantly different from that in the calcium-
free annexin VI. Blue represents T356, and the electron density
difference (Fo - Fc) map for the bound calcium atom is contoured
at 3σ. Green represents the calcium-containing bovine annexin VI
structure. Red represents human wild-type annexin VI without
calcium.

Table 2: Calcium-Binding Loops Occupied by Calcium in the
Crystal Structure of T356Da

sequence

loop residues 1 2 3 4
mean Ca-O
distance (Å)

I A-B 33-37, 77 M K G F G S E* 2.38
VI A -B 264-270, 308 M K G L G T D** 2.26
V A-B 376-382, 420 M K G L G T E** 2.38
VI A -B 448-454, 492 M E G A G T D* 2.10
VIII A -B 612-618, 656 M K G A G T D* 2.35

a Bold residues are conserved Met, Gly, Gly, and Asp/Glu residues
involved in calcium binding. The numbers 1-3 represent carbonyl main
chain oxygens, and the number 4 represents a carboxylate group from
either aspartate of glutamate with one asterisk marking unidentate and
two asterisks bidentate carboxylates. No water ligands with high
occupancy are observed in the calcium coordination sphere.

FIGURE 3: (A) Native gel electrophoresis of annexin VI: lane 1,
wild-type; and lane 2, T356D. Each panel represents a single gel
run at a distinct polyacrylamide concentration under native condi-
tions. Gels were run for 4 h at 40 mV andstained with Coomassie
Blue. Thirty micrograms of protein was applied to each gel lane.
(B) Ferguson plot representation of the migration of each protein
at different polyacrylamide concentrations. The slope of linear
Ferguson plots is proportional to the square of the particle size.
The intercept on the ordinate specifies the particle-free mobility.
In general, particles similar in size or mass have parallel Ferguson
plots. Particles with the same net charges have the same intercept
on the log(migration) axis (ordinate). The wild type and T356D
have slightly different net charges due to the Tf D substitution
and therefore different intercepts at the ordinate. The nonparallel
slopes indicate different shapes, as the molecular masses are
virtually the same.
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geometrical mean radius of protein molecules. In this context,
it can be concluded that T356D exhibits a greater mean radius
than wild-type annexin VI.

Proteolytic Analysis.Analytical trypsin digest experiments
were used to probe for differences in the susceptibility of
T356D to proteolytic degradation. Proteolytic cleavage was
followed for 60 min, and the products were visualized by
SDS-PAGE and Coomassie Blue staining. While Figure 4
shows∼80% of the full-length (70 kDa) wild-type protein
remaining after incubation with the protease at 37°C for 30
min, 90% of T356D was cleaved into products of half the
size (ca. 35 kDa) within the first 10 min. Experiments
performed in a calcium-free medium or in the presence of 2
mM calcium gave similar results. N-Terminal sequencing
of the product bands revealed two trypsin cleavage sites near
Asp-356, the site of mutation: Lys-354 and Arg-350.

Intrinsic Fluorescence Properties of T356D and Wild-Type
Annexin VI.In a calcium-free environment, annexin VI has
a broad fluorescence emission maximum in the range of
320-330 nm upon excitation at 280 nm. Two tryptophan
residues located in different microenvironments in the
molecule (Figure 5A) contribute primarily to an emission
maximum at 324 nm for the wild-type protein and one at
325 nm for T356D (Figure 5B). Emission maxima for
excitation at 295 nm are at 330 nm for the wild type and
T356D (not shown).

Upon addition of 1 mM calcium in the absence of
phospholipids, a decrease in intensity was observed. This
behavior has also been reported for annexin V (21). However,
we attribute this decrease in fluorescence emission intensity
to self-association of the protein rather than solvent quench-
ing of the tryptophan residues since a visible protein
precipitate was formed with increasing calcium levels. For
this reason, all recorded spectra were normalized to their
emission maximum values. Both proteins exhibit a red shift
of their normalized emission maximum in the presence of
calcium to 335 nm for wild-type annexin VI and 337 nm
for T356D. In addition, a relative increase in the intensity at
353 nm is observed that is 24% more pronounced in T356D
(Figure 5B).

On the other hand, fluorescence emission spectra in the
presence of calcium and phospholipid vesicles are similar

for the wild-type and T356D (Figure 5C). The emission
maxima are red shifted to 338 nm with a relative increase
in the emission intensity at 353 nm for both proteins which
is similar to the increase at 353 nm observed for calcium-
containing T356D in the absence of phospholipids as seen
in Figure 5B.

The accessibility of the buried Trp-343 was analyzed by
polyacrylamide quenching (Figure 5D). The Stern-Volmer
quenching constantKD[Q] for wild-type annexin VI is 3.58
( 0.21 M-1, while quenching of T356D annexin VI results
in a higher value of 5.38( 0.17 M-1, indicating a higher
degree of exposure of the buried Trp-343 in T356D.

Calcium Binding.Since the crystallographic analysis of
T356D revealed five calcium-binding sites occupied at the
low concentration of calcium present in the crystallization
setup, calcium binding studies were performed to compare
the binding properties of T356D and wild-type annexin VI.
The changes in intrinsic fluorescence emission at 353 nm
upon calcium addition in the absence of phospholipids were
utilized to characterize calcium binding (Figure 6).

Titration of wild-type annexin VI with calcium results in
a sigmoid binding curve with aKD value of 250µm. The
Hill coefficient under the conditions of the experiment is
3.48, indicating substantial cooperativity leading to the
observed change in tryptophan fluorescence upon calcium
binding. On the other hand, the curve for T356D denotes
less or no cooperativity with a Hill coefficient of 0.97, while
the KD value is 20% lower (204µm) than for wild-type
annexin VI.

SolVent-Induced and Thermally Induced Unfolding of
Wild-Type Annexin VI and T356D. Urea unfolding curves
of wild-type and T356D annexin VI show a typical sigmoid
shape with one inflection point indicating a two-state
transition of unfolding (Figure 7A). For this reason, the linear
extrapolation method was used for evaluation of the urea
denaturation curves (12). The two unfolding profiles clearly
show a higher resistance of the wild-type protein toward urea
with a 3 times lower midpoint of denaturation ([D]1/2) for
T356D. Table 3 summarizes the thermodynamic parameters
of the unfolding experiments.

Temperature-induced unfolding of T356D and wild-type
annexin VI occurs as a two-state transition from theR-helical
native state to a denatured state (Figure 7B). CD spectra of
the denatured states of both proteins are characterized by a
significant loss in secondary structure at 80°C (not shown).
Thermal denaturation was followed by monitoring changes
in the dichroic intensities at 222 nm upon heating. In the
absence of calcium, theTm values differ significantly for the
wild type and T356D, with an 8.0 K lower melting
temperature for T356D annexin VI. In the presence of 2 mM
calcium, theTm value of T356D is not significantly changed,
while it is reduced by 1.2 K for the wild type. It is interesting
that in the presence of calcium the post-transition slope for
both proteins is less steep than under calcium-free conditions,
while the transition slopes are steeper for the calcium-bound
protein forms. This could indicate a more cooperative
unfolding pathway and a more compact set of denatured
states due to calcium binding.

∆Hm values were determined by global fitting using the
Gibbs-Helmholtz equation and are similar for T356D and
the wild type in the absence and presence of calcium.

FIGURE 4: Proteolytic digest of wild-type and T356D annexin VI.
The experimental procedures are described in Materials and
Methods. Ninety percent of T356D (70 kDa) is cleaved into
fragments corresponding to the two core domains (35 kDa) at two
trypsin cleavage sites in the linker region after incubation for 10
min at 37°C. The wild type is less susceptible to cleavage. After
incubation for 1 h, 80% full-length protein can be detected.
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Interactions with Membranes.While Bandorowicz-Pikula
and Pikula reported aggregation of phospholipid vesicles in
the presence of calcium by annexin VI (22), other studies
do not confirm this behavior (23), and a possible regulatory
role of annexin VI as an inhibitor of membrane fusion has
been proposed (24). While probing the interaction of wild-
type annexin VI and T356D with 50% phosphatidylserine
vesicles, we could not detect a significant level of calcium-
induced lipid aggregation for either the wild type or T356D
at calcium concentrations of up to 3 mM. However, as in

our fluorescence studies, we did observe an increased level
of self-association of T356D in the presence of calcium
compared to that for the wild type (Figure 8) as judged from
an increase in the absorbance of the protein sample without
phospholipids at 350 nm upon titration with calcium. The
extent of self-aggregation of T356D is 60% greater than that
of wild-type annexin VI at the highest calcium concentra-
tions. This self-association of annexin VI in the presence of
calcium could possibly hinder its ability to promote mem-
brane aggregation.

DISCUSSION

T356D as a Model for Phosphorylated Annexin VI.
Phosphorylation-mimicking mutations have been successfully
used in several studies of annexins to evaluate the impact of
phosphorylation on membrane aggregation and binding
properties. Mutagenic substitution of Ser-21 with aspartate
in annexin I, for example, faithfully reproduces the effects
of phosphorylation by protein kinase C at this site on the
ability of annexin I to aggregate chromaffin granules in a
calcium-dependent fashion (25). The same holds true for
annexin IV where replacement of Thr-6 with aspartate was
shown to have an inhibitory impact on liposome aggregation
identical to that of in vitro phosphorylation (17).

Annexin VI has two putative phosphorylation sites (Ser-
13 and Thr-356); Thr-356 is located in the N-terminal portion
of core domain B that is connected to core domain A through
a flexible linker region that includes this site. Electron

FIGURE 5: (A) Ribbon representation of human annexin VI. Note that Trp-192 in core domain A is completely exposed to solvent in the
crystal structure (with and without calcium), while Trp-343 in core B is buried in an interdomain pocket. Changes in fluorescence emission
should therefore arise mainly from changes in the tertiary structure around Trp-343. (B) Fluorescence emission spectra of the wild type
(red, without calcium; orange, with 1 mM calcium) and T356D (dark blue, without calcium; light blue, with 1 mM calcium). While spectra
with excitation at 280 nm are very similar in a calcium-free environment, a red shift occurs upon calcium binding. A pronounced shoulder
emerging at 353 nm in the case of T356D indicates a large contribution of Trp-343 becoming exposed to solvent in the presence of
calcium. (C) Fluorescence emission spectra of the wild type (red, with phospholipids and without calcium; orange, with phospholipids and
20 µM calcium) and T356D (dark blue, with phospholipids and without calcium; light blue, with phospholipids and with 20µM calcium).
The spectra of the calcium-containing protein samples are very similar but resemble more the calcium-containing lipid free emission profile
of T356D from Figure 5B. (D) The Stern-Volmer plots of acrylamide quenching of the fluorescence signal at 353 nm gives a quenching
constant (KD[Q]) of 3.58( 0.21 M-1 for the wild type and 5.38( 0.17 M-1 for T356D, indicating a higher level of exposure of the buried
Trp-343 in T356D.

FIGURE 6: Calcium titration curves of the two proteins followed
by the increase in fluorescence emission intensity at 353 nm. Curves
are represented in a semilogarithmic fashion and fitted with a
nonlinear regression curve fit program (GraphPad Prism version
3.02 for Windows, GraphPad Software). T356D loses the coopera-
tive behavior of calcium binding with a Hill coefficient of 0.97 in
contrast to a Hill coefficient of 3.48 for the wild-type protein.
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microscopic studies show that this linker region is sufficiently
flexible that the two core domains can adopt parallel or
antiparallel conformations upon membrane binding (7).

Although the similarity of the sequence environment near
Thr-356 to known phosphorylation sites in other annexins
provides a strong rationale for studying the effects of
mutation at this site, the physiological circumstances under
which this residue may be phosphorylated are not well
characterized. Moss et al. (8) demonstrated that annexin VI
is phosphorylated on serine and threonine in a slow, growth-
dependent manner in fibroblasts, and canonical sites Ser-13
and Thr-356 would seem to be likely candidates for the
relevant sites. However, the specific threonine that underwent
phosphorylation was not mapped. Both Ser-13 and Thr-356
are found within sequence motifs that are recognized by
protein kinase C, and in vitro studies have demonstrated that

annexin VI can be phosphorylated by protein kinase C, but
at a slow rate compared to annexin I, which is an excellent
protein kinase C substrate (26). The slow rate may be due
to the fact that the basic residue downstream from Ser-13 is
a histidine rather than a lysine or arginine, and the possibility
that it may be difficult to displace Thr-356 from its sheltered
pocket between the two annexin domains to allow the kinase
access. More rapid phosphorylation of a 68 kDa protein that
may be annexin VI is seen when calcium-dependent mem-
brane-binding proteins are incubated with chromaffin gran-
ules (27), when membranes of placental syncitiotrophoblasts
are incubated in vitro (28), or when detergent extracts of
neutrophils are incubated in vitro (29). In these in vitro
experiments, however, the kinases that are involved are
unknown, and again the sites of phosphorylation have not
been mapped.

In preliminary experiments, we confirmed that annexin
VI can be phosphorylated in vitro at a slow rate compared
to annexin I by protein kinase C (unpublished observations).
Anticipating that the T356D mutation might be useful for
demonstrating that this residue is responsible for some or
all of this phosphorylation, we also attempted to phospho-
rylate T356D annexin VI with protein kinase C in parallel
experiments. Surprisingly, T356D undergoes net phospho-
rylation to an extent several times greater than that of the
wild type. Since Thr-356 is not present, other phosphorylation
sites must be involved in this enhanced phosphorylation. This
result suggests the interesting possibility that the conforma-
tional and dynamic changes that we have demonstrated are
associated with the mutation cause additional sites to become
available for phosphorylation. Possibly, in vivo phosphory-
lation of Thr-356 could serve to initiate a cascade of
phosphorylation events at other sites. Clearly, the details of
annexin VI phosphorylation in vitro and in vivo warrant
further investigation.

Crystal Structure of T356D.The only previous report of
the structure of a phosphorylation-mimicking mutant of an
annexin comes from Kaetzel et al. (17), who substituted
Thr-6 with Asp in the N-terminal domain of annexin IV.
This site corresponds to Thr-356 in annexin VI. Crystals of
T6D are isomorphous to the wild-type crystals, and the two
molecular structures are quite similar with a root-mean-square
deviation of only 0.38 Å. The only difference appears in the
flexible N-terminal region where the introduction of a
negatively charged aspartate causes the N-terminal strand
to be released from its anchored position in the wild-type

FIGURE 7: (A) Urea-induced unfolding of the wild-type annexin VI and T356D followed by changes in the fluorescence intensity at 362
nm. Unfolding parameters were determined by the linear extrapolation method (12) assuming a two-state unfolding transition and are listed
in Table 3. (B) Thermally induced unfolding of the two proteins in the presence and absence of 1 mM calcium. Thermodynamic parameters
were determined by global fitting of the unfolding profiles according to the Gibbs-Helmholtz equation using the nonlinear regression
analysis program KaleidaGraph (version 3.0, Synergy Software, PCS Inc. for Macintosh) and are listed in Table 3.

Table 3: Unfolding Parameters for the Solvent-Induced and
Thermally Induced Denaturation of Wild-Type Annexin VI and
T356D Determined by the Linear Extrapolation Method (12) for
Urea Unfolding and Global Fitting According to the
Gibbs-Helmholtz Equation for the Thermal Denaturation Curves

thermal unfolding ∆Hm (kJ/mol) Tm (K) ∆Tm (K)

wild type in EGTA 139.23( 25.34 322.91( 0.33 -
wild type in 2 mM Ca2+ 155.08( 9.93 321.56( 0.11 -1.35
T356D in EGTA 150.06( 11.85 314.41( 0.30 -8.50
T356D in 2 mM Ca2+ 149.89( 24.35 315.17( 0.14 -7.74

urea unfolding
∆G°N-D

(kJ/mol)
[D]1/2(urea)

(M)
m (kJ

mol-1 M-1)

wild type in EGTA 16.96( 1.754 3.40 4.98( 0.54
T356D in EGTA 13.43( 1.423 1.74 7.72( 0.92

FIGURE 8: Self-association of T356D and wild-type annexin VI
was monitored by changes in the absorbance at 350 nm with
increasing concentrations of calcium.
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crystal structure, whereas the core domain of annexin IV is
unchanged.

The crystal structure of T356D determined in this study
at 2.65 Å resolution shows no significant change in the
relative orientation of the core domains A and B, and the
linker region remains in close contact with the core domains.
In the case of annexin IV, there are only three hydrophobic
interactions at Thr-6, Val-7, and Phe-13 anchoring the
N-terminal region to the core of annexin IV, so it is not
surprising that the N-terminus of annexin IV is much more
flexible than the connector region in annexin VI where an
extensive area of contacts involving the two core domains
and the connector segment (3340 Å2) (6) would need to be
destabilized by the introduced negative charge to free the
connector region. Although a release of the linker region
from the core domain is not observed in the crystal structure,
highB values for residues 324-326 and 328 at the A domain
side of the linker may indicate a higher flexibility of this
region of the protein (Figure 9).

The overall similarity of the structures of the wild-type
protein and T356D might also be explained by the formation
of strong crystal contacts under the conditions of the
crystallization experiment that favored the original wild-type
conformation with Asp-356 anchored toward the core
domain, while different more flexible conformations might
not be preferred under these conditions.

Although the core domains are in a similar relative
orientation, a major difference between the T356D and wild-
type crystal structures can be seen in the calcium-binding
sites. Five of the six known calcium-binding loops are
occupied in T356D. Only the high-affinity binding sites of
class II were found to harbor calcium. Previously, wild-type
annexin VI was crystallized in a calcium-free form (5) in
which no calcium-binding sites were found to be occupied
in the crystal structure at 3.2 Å resolution. The calcium-
containing form of the wild-type protein was determined by
Avila-Sakar et al. (6) at 2.9 Å, revealing the presence of six
calcium-binding loops occupied in the presence of 600µM
calcium. Our T356D structure at 2.65 Å resolution clearly
shows the presence of five calcium atoms and a conforma-
tional change in A-B loop V equivalent to that in the
calcium-containing structure. Although the free calcium
concentration in the crystallization medium was only 4µM,
it is not easy to assess how much calcium was carried by
the protein through the last steps of purification in the
absence of EGTA. It is also known that during the vapor

diffusion crystallization processes concentrations can vary
in the crystallization droplet over the time of crystal
formation. On the other hand, crystallization of T356D was
carried out under the same conditions that were used for the
wild-type protein where no calcium can be detected in the
structure. Thus, it appears that T356D exhibits a higher
affinity for calcium.

Mani and Kay (30) determined aKD value for calcium
binding for native annexin VI in solution of 20µM using
fluorescence studies with the TNS-labeled protein, while
Moore et al. (31) determined aKD value of 0.4µM. However.
our experiments resulted in much higherKD values for wild-
type annexin VI. Mani and Kay also found only one class
of calcium-binding sites in contrast to the two classes
determined by X-ray crystallography. The differences be-
tween our results from previous reports could come from
the limitations of the use of a noncovalent hydrophobic probe
like TNS that could affect calcium binding itself. On the
other hand, the changes in fluorescence emission in our
experiments may well reflect only the lower-affinity sites.

However, our measurements of the changes in the intrinsic
fluorescence of the protein seem to reveal different modes
of calcium binding for wild-type annexin VI and T356D.
The calcium titration curve for T356D lacks the cooperative
behavior observed for the wild-type protein. We speculate
that the relative spatial arrangement of the calcium-binding
sites might be affected due to the mutation, resulting in the
loss of cooperativity of calcium binding in a more flexible
and extended protein molecule.

Conformation in Solution.Despite the similar crystal
structures of wild-type annexin VI and T356D, the dynamic
and fluorescence properties of the two proteins indicate that
the mutation causes an altered conformation in solution. It
has been suggested that variations in the membrane aggrega-
tion activities of phosphorylated forms and phosphorylation-
mimicking mutants of other annexins can be attributed to
conformational changes in the N-terminal domains (17, 25,
32). Evidence for a similar conformational change in the
linker region of annexin VI upon mutation comes first from
a comparison of the retardation coefficients in gel electro-
phoresis that indicate a more extended shape of T356D.

In addition, T356D was found to be more sensitive to
proteolytic degradation than the wild-type protein. This again
suggests that the negative charge introduced into the linker
region may induce a conformational flexibility in this part
of the molecule, which results in a release of the linker from
the domain B core. This finding is in agreement with studies
of other annexins where phosphorylation-mimicking muta-
tions result in an increased proteolytic susceptibility in the
N-terminal region (17, 25, 32).

Moreover, fluorescence studies were used to obtain
additional information about the environment of Trp-343, a
residue in the linker region that is buried in a pocket in core
domain B. As Trp-192 of annexin VI is already solvent-
exposed in either the calcium-free or calcium-bound form
of annexin VI (as seen from the crystal structures), calcium-
induced changes in the fluorescence properties of annexin
VI should mainly emerge from conformational changes
around Trp-343.

While a decrease in fluorescence intensity upon addition
of calcium appears to come from self-aggregation of both
proteins as judged from the appearance of a precipitate in

FIGURE 9: Comparison of theB values of wild-type and T356D
annexin VI in the flexible linker region (residues 320-370). High
B values occur for residues 324-326 and 328 in the T356D
structure.
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the fluorescence cuvette, the normalized spectra with a red-
shifted maximum at 337 nm and an emerging shoulder at
353 nm indicate greater exposure of Trp-343 to solvent and
thus a more flexible conformation around this residue.
Although this behavior can be observed for the wild-type
protein to some extent, there clearly is more pronounced
exposure of the buried Trp-343 at high calcium concentra-
tions in T356D. In this sense, the mutation, and by inference
phosphorylation, appears to alter the structure of the protein
in a manner similar to that of calcium binding; this is also
evident from the fluorescence spectra in the presence of
phospholipids and calcium. Thus, phosphorylation may be
a means of enhancing the calcium sensitivity of annexin VI.
This would be consistent with the higher level of occupation
of the calcium-binding sites in the T356D crystal structure.

To assess this more pronounced flexibility in case of
T356D, we performed thermal and chemical denaturation
experiments. Little is known about the thermodynamic
stability of phosphorylation-mimicking mutants of annexins
in general. Although the overall energy of unfolding (∆Go)
does seem to be slightly affected by the mutation, the [D]1/2

value for urea denaturation and the melting temperature are
dramatically decreased in T356D. While the slopes of the
thermal denaturation curves are very similar for T356D and
the wild-type protein, them value for urea denaturation is
higher for T356D. Them value reflects the hydrophobic
accessible surface area exposed during a chemically induced
unfolding experiment (33). This could indicate that the
surface area of T356D accessible to the denaturant is higher
due to looser contacts and an increased flexibility of the two
core domains. We also interpret the higher melting temper-
ature of the wild-type protein as an indication of stronger
contacts between the core domains that need to be weakened
before the secondary structure is unfolded. Interestingly, the
addition of calcium results in a more compact set of unfolded
states, as judged from the less steep post-transition portion
of the unfolding curve, suggesting stabilization of the
unfolded state by calcium.

CONCLUSION

It is a limitation of structure determination by X-ray
crystallography that only a snapshot of a single conformation
is typically obtained. In the case of T356D, crystallography
yields only a limited insight into the dynamic changes that
may take place upon phosphorylation. Our solution data show
that much larger conformational changes occur in solution
due to the mutation. These changes appear to correspond to
changes implied in the case of the N-terminal phosphory-
lation of other annexins. The changes may enable annexin
VI to interact with one or more membranes in far more
complex manners than could be inferred from the crystal-
lographic structure alone. We conclude that phosphorylation
is likely to be a critical determinant of the range of functions
annexin VI performs in vivo.
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