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The conformational preferences and the solution structure of AnxIIN3! a peptide cor-
responding to the full-length sequence (residues 1-31) of the human annexin II N-ter-
minal tail domain, were investigated by circular dichroism (CD) and nuclear mag-
netic resonance (NMR) spectroscopy. CD results showed that AnxIIN3! adopts a mainly
o-helical conformation in hydrophobic or membrane-mimetic environments, while a
predominantly random structure is adopted in aqueous buffer. In contrast to previ-
ous results of the annexin I N-terminal domain peptide [Yoon et al. (2000) FEBS Lett.
484, 241-245], calcium ions showed no effect on the structure of AnxIIN3!, The NMR-
derived structure of AnxIIN3! in 50% TFE/water mixture showed a horseshoe-like fold
comprising the N-terminal amphipathic ¢-helix, the following loop, and the C-termi-
nal helical region. Together, the results establish the first detailed structural data on
the N-terminal tail domain of annexin II, and suggest the possibility of the domain to
undergo Ca2*-independent membrane-binding.

Key words: annexin II, AnxIIN31, CD, NMR, N-terminal tail domain.

Abbreviations: AnxIIN31, peptide corresponding to residues 1 to 31 of human annexin II; CD, circular dichroism;
CSI, chemical shift index; DQF-COSY, double quantum filtered correlation spectroscopy; NMR, nuclear magnetic
resonance; NOE, nuclear Overhauser effect; NOESY, NOE spectroscopy; r.m.s.d., root mean square deviation;

SDS, sodium dodecyl sulfate; TFE, 2,2 2-trifluoroethanol; TOCSY, total correlation spectroscopy.

Annexins, a family of ubiquitous Ca?* binding proteins,
are known to be involved in many important cellular
processes such as anti-inflammation, anti-coagulation,
membrane trafficking, etc. (1—4). Typically, all annexins
share the characteristic biochemical property of being
able to bind to negatively charged phospholipids and cel-
lular membranes in a Ca?*-dependent manner, and some
members of the family also interact Ca2*-dependently
with certain cytoskeletal elements. In particular, annexin
II (AnxII) is thought to play a role in exocytotic and endo-
cytotic processes (5, 6), although its exact physiological
function is unclear. The Ca2?*-regulated function of AnxII
in the exocytotic pathway seems to depend on the forma-
tion of a complex between the protein and its intracellu-
lar ligand, the S100 protein pll. However, it has been
revealed that the association of the AnxII monomer with
the endosomal membrane is not regulated by either Ca2*-
or pl1l-binding.

Each annexin is composed of two parts, a major C-ter-
minal core domain and a minor N-terminal tail domain.
The similar properties of all annexins regarding Ca2* and
phospholipids are displayed by the C-terminal core
domains, which contain highly conserved sequences and
structures. Unique to the individual members of the
annexin family is the N-terminal tail domain, which var-
ies widely in length and sequence. Thus, it has been pro-
posed that the structurally distinct N-terminal domain of
each annexin imparts functional specificity (7—11). Indeed,
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many experimental results describing the different func-
tional roles of the N-terminal tail domains have been
reported (12-16). Particularly, the N-terminal tail of
AnxII is involved in at least three types of biochemical
reactions that are closely related to its physiological func-
tions. First, the first 12 residues in the AnxII N-terminal
tail domain bind to pl1l, a member of the S100 protein
family, resulting in the formation of a heterotetramer,
AnxII,-pl1,. Second, the AnxII N-terminal tail domain
includes phosphorylation sites at positions Serl1, Tyr23,
and Ser25. Finally, proteolysis at position 28 results in
increased CaZt-sensitivity of the protein (17). Several
lines of evidence demonstrate that the N-terminal tail
domain of annexin II regulates the Ca?*-dependent mem-
brane binding of the protein (17-20). However, no struc-
tural evidence has been reported for whether the N-ter-
minal tail of annexin II itself binds to membrane.

Although the 3D structures of more than 10 annexins
are presently available (21-30), knowledge of the N-ter-
minal domain structure of annexins is very scant because
structural studies have been conducted using proteins
with short or truncated N-terminal tail domains. The
structure of AnxII has been solved for such a truncated
protein with the first visible residue Thr 30 (25).
Although the full-length structure of the AnxII N-termi-
nal tail domain is not yet available, the recently solved
crystal structure of the pl1-bound peptide corresponding
to the N-terminal 12 residues of AnxII shows a helical
conformation (31). Unfortunately, however, no detailed
structure has been reported for the N-terminal tail
domain of the pl1-free AnxII monomer.

© 2003 The Japanese Biochemical Society.
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In this study, we performed circular dichroism (CD)
and nuclear magnetic resonance (NMR) spectroscopy on
a pl1-free full-length peptide of the AnxII N-terminal tail
domain. We report the conformational preferences of the
peptide in different solutions, aqueous buffer,a hydropho-
bic environment, and membrane-mimetic micelles. Addi-
tionally, the Ca2*-binding ability of the peptide and the
Ca?*-binding effect on the peptide structure in SDS
micelles were investigated by CD spectroscopy.

MATERIALS AND METHODS

Materials and Peptide Preparation—AnxIIN3!, the syn-
thetic peptide corresponding to residues 1 to 31 of human
annexin II (H,N-STVHEILCKLSLEGDHSTPPSAYGSV-
KAYTN-COOH), was purchased from ANYGEN (Kwang-
ju, Korea; URL, http://www.anygen.com). The sequence
and the purity of the peptide were confirmed by mass-
spectrometry and high performance liquid chromatogra-
phy. 2,2,2-trifluroethanol-d; 99.5% (TFE-d;) and sodium
4,4-dimethyl-4-silapentane-1-sulfonate (DSS) were ob-
tained from Aldrich. Sodium dodecyl-dy; sulfate (SDS-
dys) and Dy,O 99.95% were obtained from Sigma and
Isotec, respectively, and all other chemicals were of ana-
lytical grade obtained from various manufacturers.

CD and NMR Spectroscopy—Circular dichroism (CD)
spectra were obtained at 293K on a JASCO J-715 spec-
tropolarimeter, using a 2 mm path-length cell with a 1
nm bandwidth, 0.2 nm step resolution, 4 sec response
time, and a scan speed of 50 nm/min. Three scans were
added and averaged, and then the CD signal of the sol-
vent was subtracted. Samples were prepared by dissolv-
ing the peptide powder in various solvents: 50 mM potas-
sium phosphate buffer (pH 6.5), TFE/H,0 mixtures, and
10 mM SDS. Calcium ions were added from a stock solu-
tion of 150 mM CaCl,. Samples for nuclear magnetic res-
onance (NMR) measurements contained 3 mM peptide in
TFE-ds/H,0 (1:1, v/v) at pH 4.0, and in 300 mM SDS-d;
at pH 4.0. All NMR spectra were recorded at 298K on
Bruker DRX-500 and 600 spectrometers equipped with a
gradient unit. The 2D TOCSY and NOESY spectra were
acquired with mixing times of 60 ms and 200 ms, respec-
tively. The WATERGATE sequence (32) was used to sup-
press the solvent signals in the NOESY and TOCSY
experiments. For the DQF-COSY experiments, solvent
suppression was achieved using selective low-power irra-
diation of the water resonance. All NMR spectra were
processed and analyzed using NMRPipe/NMRDraw soft-
ware and the NMRView program (33, 34). For CSI predic-
tion, chemical shifts were referenced to DSS by the
method and reference values of Wishart et al. (35).

Resonance Assignments and Structure Calculation—
Sequence-specific assignments of the proton resonances
were achieved by spin system identification from TOCSY
and DQF-COSY spectra, followed by sequential assign-
ments through NOE connectivities (36). Distance
restraints were obtained from the NOESY spectra. NOE
data from the NOESY spectra were classified into three
classes, strong, medium, and weak, corresponding to
upper bound interproton distance restraints of 3.0, 4.0,
and 5.0 A, respectively. Lower distance bounds were
taken as the sum of the van der Waals radii of 1.8 A.
Pseudoatom corrections were applied to non-specifically
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Fig. 1. CD spectra of 33 pM AnxIIN3! in 50 mM potassium phos-
phate buffer (line a) and in TFE/water mixtures (line b, 10%;
¢, 30%; d, 50%; e, 70% TFE). Inset shows the superimposed CD
spectra of 24 uM AnxIIN3! in 10 mM SDS micelles in the absence
and in the presence of 1, 3, and 5 molar equivalents of calcium ions.

assigned methylene, methyl, and aromatic ring protons
(36). For the structure calculation, a total of 364 distance
restraints were achieved: 114 intra-residue, 127 sequen-
tial, 119 medium-range [from ith to (i+2)th, (;+3)th and
and (i+4)th residues], and 4 long-range [ith to (i+5)th]
NOEs. Then, the 3D structures were calculated using the
simulated annealing and energy minimization protocol in
the program XPLOR 3.851 (37) as described previously
(38, 39). Out of the initially calculated 50 structures, 30
with no distance violation larger than 0.5 A were selected
for refinement. Then, of the refined 30 structures, 15
structures with the lowest energies were finally chosen to
represent the solution structure of AnxIIN3!,

RESULTS

Conformational Preferences of AnxIIY3—The confor-
mational preferences of AnxIIN3! in different solvent
environments were investigated by CD spectroscopy (Fig.
1). In aqueous buffer, the CD spectrum of AnxIIN3!
showed a strong negative band at 200 nm, indicating a
predominantly random-coil conformation. However, in
TFE/H,0 mixtures, the CD spectra showed a positive
band at 193 nm and double minima at 208 and 222 nm,
which are indicative of a highly o-helical conformation
(38—41). The signals at 193, 208, and 222 nm were inten-
sified by increasing concentrations of TFE, which indi-
cates that the helicity of the peptide is increased in more
hydrophobic environments. The spectral change induced
by increased concentrations of TFE was nearly complete
at about 50% TFE/water, and no significant spectral
change occurred when the pH was varied from 3.0 to 7.0
in this solution (data not shown). The CD spectrum of
AnxIIN31in 10 mM SDS, which is above the critical micel-
lar concentration of SDS (42), also showed a typical a-
helix pattern, and showed no significant change upon the
addition of Ca2* up to 5 molar equivalents (Fig. 1).

NMR Structures of AnxIIN3.—The helical structure of
AnxIIN! in TFE/water was investigated by NMR spec-
troscopy. Table 1 lists the nearly complete assignments of
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Table 1. H chemical shifts (ppm) of AnxIIN3! in 50% TFE, at pH 4.0 and 298K.

HN Ha Hp Others
S1 4.36 4.01/3.93
T2 8.43 4.44 4.36 Hy21.24
V3 8.24 3.70 1.93 Hy (0.96/0.83)
H4 7.82 4.25 3.19 H&%g1 7.14/8.36
E5 7.72 3.85 2.24/2.10 Hy (2.51/2.40)
16 7.89 3.63 1.92 Hy! (1.64/1.10); Hy¥5 0.85/0.76
L7 8.28 4.03 1.81/1.40 Hy/5 1.81/0.77
C8 8.10 4.38 3.07/2.88
K9 8.17 3.95 1.94 Hy (1.52/1.33); Hd/s 1.61/2.88
L10 8.57 4.04 1.80/1.43 Hy/6 1.80/0.77
S11 8.00 4.19 4.03/3.91
L12 7.82 4.17 1.77/1.55 Hy1.77
E13 8.00 4.18 2.11 Hy 2.51/2.41
Gl4 8.02 3.92/3.84
D15 7.88 4.58 2.76
H16 8.23 4.73 3.34/3.15 H6%g! 7.15/8.47
S17 8.14 4.48 3.85
T18 7.92 4.58 4.11 Hy?21.17
P19 4.39 2.28/1.90 Hy (2.01/1.94); H3 (3.82/3.60)
P20 4.29 2.22/1.87 Hy 1.99; Hb (3.75/3.58)
S21 7.80 4.30 3.87/3.77
A22 8.04 4.20 1.25
Y23 7.71 4.36 3.01/2.91 Hd'e 7.02/6.74
G24 8.00 3.87/3.79
S25 7.83 4.39 3.90/3.82
V26 7.79 3.99 2.07 Hy (0.91/0.88)
K27 7.94 4.18 1.70/1.62 Hy1.33
A28 7.79 4.17 1.24
Y29 7.71 4.52 2.93/3.07 Hd/e 7.05/6.75
T30 7.55 4.30 4.20 Hy21.13
N31 7.84 4.54 2.76/2.71

the proton chemical shifts of AnxIIN3! in 50% TFE/water.
As shown in Fig. 2, the presence of a typical a-helix from
V3 to E13 is supported in TFE/water by the well ordered
NOE connectivities of dyy(i,i+1), dyyn(,i+2), dap(,i+3),
day(i,i+3) and doy(i,i+4), as well as by the Ha CSI values
indicating helical propensity. The Ho CSI results indi-
cate another helical structure in the C-terminal region
comprising residues P20—A28. However, the helical NOE
connectivities in this region are less frequently observed.
This indicates that the C-terminal helical structure of
AnxIIN3! in TFE/water is probably less stabilized than its
N-terminal helix, and thus somewhat loosened.

A highly refined three-dimensional structure of
AnxIIN3! in TFE/water could not be obtained, mainly due
to the deficiency of unambiguous restraints. However, as

shown in Fig. 3, the NOE-based and energy-minimized
backbone structures of AnxIIN3! in TFE/water showed a
reasonable fold with a horseshoe-like shape. The overall
structure was folded into an a-helix spanning from Val 3
to Glu 13, the following loop region, and the C-terminal
helical region. The N-terminal region from Val 3 to Glu
13 adopted a well-ordered and highly stabilized a-helix.
This helix exhibits typical amphipathic characteristics,
positioning the hydrophobic residues on one side and the
hydrophilic residues on the other side of the helical axis
(Fig. 3C). The helical length and the amphipathic prop-
erty of the N-terminal a-helix are consistent with those
observed in the pll-bound AnxII N-terminal peptide
(31). Short helical structures were fractionally observed
in the C-terminal region, mainly in residues S21-Y23 and

Sequence | 2 3 4 5 67 8 91011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 Fig. 2. Overview of the NOE connectivi-
! STVHE I LCKLSLEGDHSTPPSAYGSVKAYTN ties and 'Ho, CSI results of AnxIIN! in a
dw (ii+1) 50% TFE/water mixture. For the NOE
A (iit2) connectivity data, the height of the bar cor-
’ responds to the intensity of the correlation
d oN (L,i+3) — ——— —— (weak, medium, or strong). The dotted line
. represents a tentative assignment due to
d o (5i+4) spectral overlap.
dop (i+3) — —— —_

;
neest o h_l_lmfl_fl_l_lj—l_lml'l_"_I
-1
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S1

P19

S25-A28. These helical fragments are kinked or adopt a
3;0-helix conformation in most of the calculated struc-
tures. Thus, the structures in Fig. 3 indicate that the C-
terminal region of AnxIIN3! in TFE/water adopts a par-
tially ordered helical conformation. The relatively desta-
bilized helical conformation in this C-terminal region
may be attributable to the break in the peptide bond at
position 31. The structure in the inter-helical hinge
region comprising residues G14-P20 adopt a helix-like
loop, which allows close proximity between the N-termi-
nal a-helix and the C-terminal helical region. This horse-
shoe-like fold of AnxIIN3! apparently seems to contain
interactions between side-chains of the N-terminal and
the C-terminal helical parts. Particularly, the hydropho-
bic side of the N-terminal helix, which interacts with p11,
faces toward the C-terminal helical region. Unfortu-
nately, however, long-rage NOEs could not be ensured
between the two helical stretches, due to severe spectral
overlap. However, the structural origin of the horseshoe-
like fold can be supported by a few long-range NOEs
detected between the Thr18 and Tyr23 side chains. Espe-
cially, Pro19 and Pro20 residues, with a ¢trans-conforma-
tion, would be expected to dominate the relative orienta-
tion between the N-terminal helix and the C-terminal
helical region of AnxIIN31,

We have previously solved the three-dimensional
structure of the annexin I N-terminal tail domain
(AnxIN26) in SDS micelles (39). Unfortunately, in the
present work, the quality of the NMR spectra of AnxIINs!
in SDS micelles was too low to analyze the peptide struc-
ture in this solution (data not shown) due to low sensitiv-
ity, severe peak broadening and overlap. However, the
remarkable peak broadening in the NMR spectra of
AnxIIN3! in SDS micelles indicates that the peptide prob-
ably associated with the SDS micelle, resulting in a large
molecular weight complex system.

Y.-H. Hong et al.

Fig. 3. NMR structures of AnxII™! in 50%
TFE/water. Backbone atoms (N, Ca, and C’) of
the finally selected 15 structures are superim-
posed in panel A. Their refined average structure
is depicted as a ribbon diagram in panel B. Resi-
dues 3-11 of the refined average structure are
enlarged as a conic representation in panel C, in
which hydrophobic and hydrophilic residues are
shown in dark gray and light gray, respectively.
Conic representations of the entire sequence are
shown in panel D, with the phosphorylation sites
(residues 11, 23, and 25) shown in black.

DISCUSSION

The crystal structure of p11 in complex with the AnxII N-
terminal 12-residue peptide has revealed that the pep-
tide adopts an a-helical conformation in its pl1l-bound
state (31). However, this helical conformation seems to be
induced upon its binding to p11, probably by the hydro-
phobic environment in the binding pocket. The present
CD results (Fig. 1) indicate that the annexin IT N-termi-
nal peptide has no inherent propensity for an ordered
structure in aqueous solution, while it can adopt a helical
conformation in TFE/water mixtures. The NMR struc-
ture of AnxII™3! in TFE/water mixture (Fig. 3) clearly
conforms with its amphipathic property and the length of
the AnxIIN3! N-terminal helix is consistent with that
observed in the pl1-bound crystal structure of the N-ter-
minal 12-residue peptide. TFE, either neat or mixed with
water, is a representative medium typically used to
mimic the hydrophobic environments of peptide binding
sites in proteins (43). Thus, the conformational transition
of AnxIIN3! from random-coil in aqueous solution to a-
helix in TFE/water mixtures can be interpreted as an
induced-fit process of the peptide in the binding site of
pll. Nevertheless, the overall fold of AnxIIN3! in TFE/
water mixture (Fig. 3) does not seem to reflect the p11-
bound state. In the crystal structure of the AnxII peptide-
pl1 complex, the peptide binding is driven by hydropho-
bic interactions. In contrast, in the present NMR struc-
ture, the hydrophobic side of the N-terminal amphipathic
helix faces the C-terminal helical region. Although direct
contact between the N-terminal a-helix and the C-termi-
nal helical region could not be demonstrated, the horse-
shoe-like backbone geometry allows the close proximity
between the two regions. This conformation would not be
expected to assume the hydrophobic contact observed in
the crystal structure, since the hydrophobic face of the N-
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terminal helix would be masked by the C-terminal heli-
cal region. Instead, the horseshoe-like fold of AnxIIN3!
orients the N-terminus in the same direction as the C-
terminus, i.e., toward the core domain expected in the
intact form. Thus, it is reasonable to conclude that the 3-
dimensional fold of AnxIIN3! in TFE/water mixtures
reflects the conformation in intact AnxII. In the case of
annexin I, the N-terminal tail domain has been strongly
suggested to interact with the core domain in its intact
form (44). Likewise, the N-terminal tail domain in intact
AnxII can be expected to adopt a helical conformation
with a horseshoe-like fold naturally during its autono-
mous folding process in aqueous solution, either by a
direct interaction with the C-terminal core domain or due
to the hydrophobic environment provided by this domain.
Then, the horseshoe-like fold would change to expose the
N-terminal hydrophobic side by interacting with p11.
The inter-helical hinge region in the present AnxIIN31
structure does not adopted an ordered structure and has
two sequentially linked prolines, an amino acid that
along with glycine is known to allow the most diverse
backbone geometry in proteins. In addition, since the
inter-helical hinge region itself is probably flexible, as
supported by the poor appearance of inter-residue NOEs
in this region (Fig. 2), it would allow an alteration in the
relative orientation between the N-terminal amphipathic
o-helix and the C-terminal helical region. The horseshoe-
like fold of the AnxIIN3! has another characteristic
related to its function. The N-terminal tail domain of
annexin II contains three phosphorylation sites (Serll,
Tyr23, and Ser25), and phosphorylation plays important
roles in the diverse functions of annexin II. As shown in
Fig 3, the horseshoe-like fold allows all three residues to
expose their side-chains to the solvent-accessible surface.
This orientation would make the phosphorylation proc-
ess easy in the intact form.

The amphipathic helical conformation, which has been
observed for many membrane-interacting peptides
including the N-terminal domain of annexin I, is known
to be an important factor for interaction with membranes
(38—40). In the present results, the N-terminal region of
AnxIIN31 also shows a typical amphipathic a-helical con-
formation, implying the potential for membrane interac-
tion. The membrane-interacting possibility of the AnxII
N-terminal tail domain can be inferred from the follow-
ing recently reported investigations. Tyrosine phosphor-
ylation at this domain in the Axnll,-pll, tetramer is
stimulated by protein-membrane association (6). The
association of AnxII with the endosomal membrane is
independent of both complex formation with pll and
Ca?*, but deletion of the N-terminal tail abolishes the
association of the protein with endosomes (5). The
present CD results showing of AnxIIN3! adopting a helical
conformation in SDS micelles also support the membrane
binding property of the AnxII N-terminal tail domain,
since SDS micelles with negatively charged surfaces
mimic the negatively charged phospholipid membrane
where annexins bind (39, 45). This conformational behav-
ior of AnxIIN3! is common to many membrane-binding
peptides (39—41, 46-50). Based on the present CD
results, in which Ca?+ has no effect on the structure of
AnxIIN3! the N-terminal tail domain of annexin II could
interact with the membrane in a Ca?*-independent man-
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ner. In contrast, our previous CD results on the N-termi-
nal tail peptide of human annexin I (39) showed that Ca%
significantly stabilizes the helical structure of the pep-
tide. In addition, from the structural investigation by
NMR, the negatively charged Glu-rich region could rep-
resent a putative Ca2*-binding site in the N-terminal tail
domain of annexin I. This difference in Ca2*-binding
properties between the N-terminal tails of annexin I and
annexin II may be related to their functional specificities
in the regulation of membrane interactions.
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