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Abstract: S100A11 protein is a member of the S100 family containing two EF-hand motifs. It undergoes phophorylation on
residue T10 after cell stimulation such as an increase in Ca?* concentration. Phosphorylated S100A11 can be recognized by
its target protein, nucleolin. Although S100A11 is initially expressed in the cytoplasm, it is transported to the nucleus by the
action of nucleolin. In the nucleus, SI00A11 suppresses the growth of keratinocytes through p21C¢P1/WAF1 activation and induces
cell differentiation. Interestingly, the N-terminal fragment of S100A11 has the same activity as the full-length protein; i.e. it is
phosphorylated in vivo and binds to nucleolin. In addition, this fragment leads to the arrest of cultured keratinocyte growth. We
examined the solution structure of this fragment peptide and explored its structural properties before and after phosphorylation.
In a trifluoroethanol solution, the peptide adopts the «-helical structure just as the corresponding region of the full-length
S100A11. Phosphorylation induces a disruption of the N-capping conformation of the «-helix, and has a tendency to perturb its
surrounding structure. Therefore, the phosphorylated threonine lies in the N-terminal edge of the «-helix. This local structural
change can reasonably explain why the phosphorylation of a residue that is initially buried in the interior of protein allows it to

be recognized by the binding partner. Copyright © 2008 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

S100 proteins have molecular weights of approximately
10 kDa and similar amino acid sequences with two
EF-hand motifs [1,2]. To date, at least 25 proteins have
been identified as members of the S100 family, and they
usually exist as a homo- and heterodimers in specific
cell types. Calcium binding to their EF-hands induces
a conformational change, which triggers an interaction
with target proteins [3,4]. S100 proteins are involved in
a variety of physiological processes, such as regulation
of cell growth, differentiation, motility and so on [1].

A member of the S100 protein family, SI00A11 (also
referred to as S100C and calgizarrin), was initially iden-
tified in porcine cardiac muscle and chicken gizzard
smooth muscle [5,6]. It is predominantly present in the
cytoplasm of human fibroblasts and keratinocytes, and
colocalizes with actin filaments [7,8]. Interestingly, cell
stimulation, such as an increase in Ca?" concentration,
changes the intracellular distribution of S100A11, lead-
ing to two distinct localizations: accumulation at the cell
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periphery and in the nuclei [9-11]. The former translo-
cation relies on microtubule formation and results in
the peripheral colocalization of S100A11 with annexin
I, to which it binds, and is involved in membrane trans-
port processes [7,12-15]. This complex participates in
the formation of cornified envelopes, the process of ter-
minal keratinocyte differentiation in the skin [16,17].

We previously studied in detail the second localiza-
tion of S100A11 to the nucleus [11,18,19]. In ker-
atinocytes stimulated by transforming growth factor
betal (TGFS1) or by an increase in Ca®t levels, the
cytosolic S100A11 is phosphorylated on residue T10 by
the action of protein kinase Ca (PKC«), which enables
S100A11 to bind to nucleolin. Nucleolin mediates sig-
naling from the cell surface to the nucleus [20], and
thereby nucleolin-bound S100A11 is transported into
the nucleus. In the nucleus, SI00A11 prompts Spl
protein to dissociate from nucleolin, and the released
Spl binds to the promoter region of p21°FY/WAFl and
activates its expression, cooperatively with Smad3 or
NFAT1, which are introduced by distinct pathways orig-
inating from TGFB1 receptor and calcineurin, respec-
tively. It has been shown that p21°FVWAFl protein
induces inhibition of Cdk activity and blockage of cell
cycle progression [21].

Taken together, S100A11 acts to facilitate the dif-
ferentiation and the cornification of keratinocytes both
in cell nuclei and on the periphery. Consistent with
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this, we previously observed that S100A11 is not found
in the nuclei of the basal layer in which keratinocytes
proliferate, but it can be detected in the nuclei of the
suprabasal layers of skin [11].

Surprisingly, a peptide comprising the N-terminal 19
amino acid residues of S100A11 (termed as MAK19)
acts as an intact protein with the same activity as
the full-length sequence; i.e. it shows cytotoxicity and
suppression of cell growth [22]. Another study showed
that a fragment peptide (M1 to K23 of S100All)
undergoes phosphorylation on residue T10 in normal
human cells, which leads to the interaction of the
peptide with nucleolin [11]. Thus, MAK19 is able to
mimic the actions of the full-length S100A11 in vivo.

Some groups have already reported the three-
dimensional structures of full-length S100A11 as the
apo-form and as a Ca?'-binding complex with an
annexin I fragment [4,23]. The S100All structure
includes four «-helices (I-IV) and forms a homodimer
through interactions between helices I/I' and IV/IV,
which arrange individually in an antiparallel fashion.
Residue C13 within helix I contacts C13" of another
monomer, and they are in a favorable position to form
an intermolecular disulfide bridge without conforma-
tional changes [23]. Indeed, S100Al11 dimer cross-
linked by a disulfide bond has been found under nonre-
ducing conditions [6]. In addition, the phosphorylation
site T10 is located in the N-terminal region of helix I
and is completely buried in the interior [4,23]. MAK19
peptide corresponds to the N-terminal half of helix I
and the disordered region leading into helix I in the
S100A11 structure. We investigated the solution struc-
ture of MAK19 and its phosphorylated form (pMAK19)
by CD and NMR spectroscopy. Here we describe the
structural properties of the functional peptide MAK19
and suggest a physiological significance for the struc-
tural change induced by phosphorylation of S1I00A11.

MATERIALS AND METHODS

Peptides

The peptides MAK19 (M-A-K-I-S-S-P-T-E-T-E-R-C-I-E-S-L-I-
A), MAK19 phosphorylated on residue T10 (pMAK19) and
PMAKI19 homodimer were synthesized by Toray Research
Center (Tokyo, Japan). MAK19 dimer was prepared according
to the dimerization procedure described below. The purity
and integrity of the peptides were confirmed by RP-HPLC
and matrix-assisted laser desorption time-of-flight mass
spectrometry. Peptide solution concentrations were measured
by the method of Lowry [24] using reagents purchased from
Bio-Rad Laboratories (Hercules, CA) and a protein standard,
chicken egg albumin, purchased from Wako Pure Chemical
Industries (Osaka, Japan).

Dimerization of MAK19 and pMAK19

Peptides MAK19 and pMAKI9 were dissolved in 20 mwm
sodium phosphate buffer (pH 7.0) at a final concentration of
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approximately 1.0 mM. The peptide solutions were incubated
at 25°C. After incubation for 1, 2, 3 and 7 days, 10 ul aliquots
were analyzed by RP-HPLC using a Wakosil 5C18 column
(¢ 4.0 mm x 250 mm). The components were eluted with a
linear gradient of acetonitrile (20-35%) for 15 min in 0.05%
trifluoroacetic acid, and detected by absorbance at 214 nm.

Circular Dichroism Spectroscopy

All CD spectra were recorded on a Jasco J-805 spectropo-
larimeter at 20°C using a 1.0 mm quartz cell. Each peptide
was dissolved in 20 mM sodium phosphate buffer (pH 7.0)
to a final concentration of 0.1 mm. For titration experiments,
the samples contained 0-60% TFE. To the solution of MAK19
and pMAK19 monomers 1 mm dithiothreitol was added. CD
spectra of the monomers were not affected by the presence or
absence of dithiothreitol. Spectra of all samples were corrected
by using reference samples of similarly prepared solutions but
in the absence of the peptide. Ellipticity was reported as mean
residue molar ellipticity.

Nuclear Magnetic Resonance Spectroscopy

Each peptide was dissolved to a final concentration of
approximately 2.0 mm in 250 ul of sample buffer, 20 mm
sodium phosphate, pH 7.0, and 50% deuterated TFE
(TFE-d3)/50% H20, or 50% TFE-d3/50% DsO. To the
solutions of MAK19 and pMAK19 monomers 5 mm deuterated
dithiothreitol was added. Prior to the NMR experiments, the
sample solutions were centrifuged at 15000 g for 1 min to
remove aggregated peptides. All NMR spectra were acquired
at 293 K on a Bruker DMX500 spectrometer. DQF-COSY [25],
two-dimensional TOCSY (mixing time 76 ms) [26] and NOESY
(50, 100, 120, 150, and 200 ms) [27] spectra were acquired,
with 4096 x 512 data points for DQF-COSY and 2048 x
512 data points for the other spectra. 'H chemical shifts
were directly referenced to the resonance of 2,2-dimethyl-2-
silapentane-5-sulfonate sodium salt. The assignment of 'H
resonances of the backbone and side chains was performed
using a series of two-dimensional NMR experiments as
described previously [28]. IH resonance assignments of all
MAKI19 and pMAKI19 peptides were achieved except for the
residues M1 and A2. All NMR spectra were processed and
analyzed using NMRPipe [29] and PIPP [30] software.

Structure Calculations

For structure calculations of MAK19 and pMAK19 peptides,
distance restraints were collected from two-dimensional
homonuclear NOESY spectra acquired with a 120 ms mixing
time. The assignment of NOE cross-peaks was performed using
a manual procedure. Interproton distance (r) was derived from
the NOE intensity (S) with a relationship r = ¢(S)1/¢ in which ¢
is a coefficient determined on the basis of NOE corresponding
to a known distance: for the NOESY spectra in 50% TFE-
ds/50% HsO solution, HN(i)-H*(i— 1) = 1.70-3.60 A and
HN(i)-H%(i) = 2.70-3.05 A for residues in the «-helix; for the
NOESY spectra in 50% TFE-d3/50% D20 solution, H*—HF =
2.50-2.70 A for alanine. A 50% error on the peak intensities
was assumed, and the estimated interproton distance was
used as an upper bound. For all interproton restraints, the
lower bound was set to 1.80 A. The calculation of MAK19 and
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PMAKI19 dimers used disulfide bond information between C13
and C13' as the distance restraints; specifically, the restraints
for C13 S”—C13' S” and C13 S¥—C13' C# distances were
assigned to be 2.00-2.10 and 3.00-3.10 A, respectively. The
3JuNHe coupling constant was derived from the DQF-COSY
spectrum, and the dihedral angle (¢) restraints were set to
—65+25° for residues with the SJynpe value smaller than
9.0 Hz; although this criterion seems to be much larger than
the general value, it is reasonable to identify a secondary
structure in the case of MAK19 peptides with relatively large
3Junte values. The NOE-derived distance and the dihedral
angle restraints were used to calculate structures of MAK19
and pMAKI19 peptides in X-PLOR using simulated annealing
protocols [31]. A simulated annealing protocol was applied
using 6000 steps at high temperature (1000 K) and 4000
steps for the cooling process. A total of 50 structures were
calculated, and the 25 lowest-energy structures were used
for calculation of the energy-minimized average structure.
The obtained structures were analyzed with MOLMOL [32]
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and PROCHECK-NMR [33] software. Structural figures were
generated using the MOLMOL program.

RESULTS
Self-dimerization of MAK19 and pMAK19

S100A11 can form a disulfide bond through the
cysteine residue 13, leading to the formation of a
homodimer [6,23]. The MAK19 peptide includes the
corresponding cysteine residue. We examined the
ability of MAK19 peptide to dimerize with a disulfide
bond. Under nonreducing conditions, MAK19 and
PMAKI19 were incubated for one week. HPLC and mass
spectrometry analyses indicated that MAK19 produces
its homodimer, and more than half of MAKI19 is
present as a homodimer after one week (Figure 1).

Figure 1 Dimerization Assay using MAK19 and pMAKI19 peptides. MAK19 and pMAKI19 were incubated without reducing
agents. (A) Reverse-phase HPLC profiles before and after incubation indicated with an arbitrary scale of absorbance at 214 nm.
Although both peptides initially showed a single peak (upper panel), a new peak corresponding to the dimer emerged after the
incubation (middle panel). The addition of dithiothreitol (10 mm) into the incubated solution represents a single peak (lower
panel). (B) The relative amount of each eluted component quantified with its peak area, and traced during the incubation. MAK19
monomer, MAK19 dimer, pMAK19 monomer and pMAK19 dimer are denoted by open circle, open rectangle, filled circle, and filled

rectangle, respectively.
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In contrast, pMAK19 produced a small amount of
homodimer. The addition of a reducing agent to each
incubated solution yielded a single peak corresponding
to the monomer, suggesting that both MAK19 and
PMAK19 homodimers are supported by the disulfide
bond. The results indicate that phosphorylation of T10
appreciably suppresses the formation of homodimers
linked by disulfide bonds through C13.

CD Experiments

The CD spectrum of MAK19 monomer in aqueous
solution was characterized by a negative peak at
200 nm (Figure 2(4)), suggesting that MAK19 monomer
is primarily unstructured. As TFE was added to the
solution, the shape of spectrum was gradually shifted
up to 40-50% TFE. Further addition of TFE induced
only a small change in the spectrum. Compared with
the CD spectrum in the aqueous solution, the spectrum
in 50% TFE has a larger minimum at 205 nm. In
addition, the ellipticity remarkably decreased in the
range 205-240 nm, while the opposite change was
found at wavelengths below 205 nm, implying the
formation of an «-helix in TFE solution. Notably, an
explicit isodichroic point at 205 nm is indicative of
an equilibrium between two conformational states; i.e.
unstructured and «-helical conformations.

As with the MAKI9 monomer, the conformation
of disulfide-bonded homodimer of MAKI19 changed
depending on the concentration of TFE and showed an
isodichroic point at 205 nm. In addition, the ellipticity
at wavelengths above 205 nm was smaller than that
of the MAK19 monomer in 50% TFE (Figure 2(B)). In
general, the structural feature can be obtained from the
ratio of the intensities of the minimum near 222 nm and
another minimum between 200 and 210 nm; the ratio is
close to zero for a random structure, while it approaches
1 in a highly helical state. In 50% TFE solution, the
ratio for MAK19 monomer and dimer is 0.71 and 0.87,
respectively. These differences in ellipticity are due
to structural and/or population changes, such as an
increase in helical conformation. MAK19 homodimer
is also in equilibrium between random and «-helical
conformations, and has a greater preference for the
helical conformation than the MAK19 monomer.

The CD spectra of the pMAK19 monomer and dimer
have essentially identical shapes and TFE dependence,
like MAK19 peptides (data not shown). Therefore, TFE
also prompts pMAK19 peptides to form an «-helix, and
this action is enhanced in the homodimer of pMAK19.
In other words, the CD experiments did not distinguish
between MAK19 and pMAK19.

NMR Experiments

Consistent with the CD experiments, the inter-residual
NOEs, including dyn(i, i + 1) connectivities, were barely
detectable on the NOESY spectrum of MAK19 in the
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Figure 2 Far-ultraviolet CD spectra of MAK19 monomer and
dimer. (A) CD spectra of MAK19 monomer recorded in various
concentrations of TFE at 20°C. The spectrum at each titration
point is shown as a gradual shift from blue (0% TFE) to red
(60% TFE). (B) CD spectra of MAK19 monomer (broken line)
and its dimer (solid line) in 50% TFE solution.

aqueous solution (Figure 3(A)). This finding explicitly
shows that MAKI9 does not adopt any defined
structure in the aqueous solution. In the presence of
50% TFE, many cross-peaks emerged on the NOESY
spectrum, and the dyn(i, i + 1) connectivity was found
for residues expanding from T8 to 118 (Figure 3(B)).
These consecutive dyy(i, i + 1) connectivities constitute
one of a number of typical patterns characterizing the
formation of an «-helix. In addition to dyn(i,i+ 1),
other connectivities that are diagnostic of «-helix
formation, such as dy.(i,i+3) and du(i,i+3), are
summarized in Figure 4. These patterns indicate that
residues P7-118 of the MAK19 monomer adopt the «-
helical conformation in 50% TFE solution. Interestingly,
this tendency is more evident in the disulfide-bonded
homodimer of MAK19 (Figure 4(B)).

Like MAK19, pMAK19 also showed similar NOE con-
nectivities indicative of w-helix formation (Figure 4(C)

dJ. Pept. Sci. 2008; 14: 1129-1138
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Figure 3 HN-HN region of NOESY spectra for MAK19. (A) In
aqueous solution, MAK19 barely gave any cross-peaks in
the region. (B) Some cross-peaks were observed in 50% TFE
solution. Resonance assignments are indicated by residue
numbers.

and (D)). However, in terms of dy, (i, i + 3) and ds(i, i +
3), no NOE connectivity was found for P7 and T8 of
both the pMAK19 monomer and dimer; this is not due
to artifacts, such as a signal overlapping, or assignment
ambiguity. Therefore, the «-helix of pMAK19 peptides
was expected to expand from E9 to I18 (or from E9 to
Al9).

These differences between MAK19 and pMAKI19 were
visualized more explicitly by structure calculations
using NMR-based restraints. The solution structures
of four constructs, MAK19 monomer, MAK19 dimer,
PMAK19 monomer and pMAK19 dimer, are shown in
Figure 5, and the structural statistics are summarized
in Table 1. They depict a bundle of 25 conformers with
the lowest energy and the energy-minimized average
structures for residues K3-Al9 of each construct.

Copyright © 2008 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 4 Summary of NOE connectivities that are char-
acteristic of an «-helix structure. For each peptide, MAK19
monomer (A), MAK19 dimer (B), pMAK19 monomer (C) and
PMAKI19 dimer (D), NOESY spectra were acquired with 120 ms
mixing time in 50% TFE solution. The thickness of lines
represents the relative intensity of the corresponding NOE
cross-peak, with thick lines indicating relatively strong peaks.
In the amino acid sequence, pT and C* denote phosphorylated
threonine and a half-cystine, respectively.

Residues M1 and A2 were omitted because they did
not give any signals on the NMR spectra. All four
peptides commonly have a well-defined «-helix in the
C-terminal half of the molecule, and the remaining
region K3-S6 is disordered (Figures5 and 6). The
a-helix region in the average structure is P7-L17,
P7-118, E9-L17 and pT10-118 for MAK19 monomer,
MAK19 dimer, pMAK19 monomer and pMAK19 dimer,
respectively. As described above, the difference was
found in the conformation of residues P7 and T8. In
the unphosphorylated forms of the MAK19 monomer
and dimer, these residues are included in the «-helix
with some degree of local convergence (Figure 6). In
contrast, P7 and T8 of the pMAK19 monomer and dimer
are no longer members of the «-helix and show a low
degree of local convergence as with those of residues
K3-S6. Moreover, residues E9 and pT10, immediately
downstream of T8, also have a tendency to decrease
convergence in the phosphorylated forms.

In general, secondary shifts measured by the
difference between observed H* and random coil
chemical shifts are used for estimating secondary
structures [34]. The secondary shift plot of MAK19
peptides shows only a weak tendency of «-helix

dJ. Pept. Sci. 2008; 14: 1129-1138
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Figure 5 Solution structure of MAK19 peptides in 50% TFE
solution. For each peptide, MAK19 monomer (A), MAK19 dimer
(B), pMAK19 monomer (C) and pMAK19 dimer (D), a bundle of
25 conformers with the lowest energy and an energy-minimized
average structure are shown. The backbone trace was always
superimposed using the backbone heavy atoms (N, C* and C’)
for residues from T10 (pT10) to L17. In the dimer structure,
the superimposition was performed for only one monomer,
and another monomer is colored in orange. The backbone
trace highlighted in red indicates a portion of residues P7-E9.

formation in the range from T10 (pT10) to EI15
(Figure 7). Interestingly, the shift values in two regions,
K3-S6 and E15-Al9, are consistent for all four
peptides. This implies that their local structures
are not affected by phosphorylation on T10, nor by
dimerization with disulfide bond C13/C13'. This finding
is in agreement with the solution structure except for
residues [18 and A19, which appear to adopt somewhat
different conformations between the monomer and the
dimer (Figure 5). On the other hand, the central region
of the molecules, P7-114, indicates a dispersion in
the secondary shift values. In the C-terminal half of
this region, E9-114, the trace of the secondary shift
value of the MAK19 monomer is accompanied by that
of the pMAK19 monomer, and similarly for MAK19
and pMAK19 dimers. In addition, the H* resonance
of both dimers always emerged in the upfield side
from that of the monomers except for residue C13.
These features are likely to be due to dimerization,
and agree with the results of CD experiments; i.e.
a-helix formation is preferred in the dimer than in the
monomer. Apart from this, a different pattern of the

Copyright © 2008 European Peptide Society and John Wiley & Sons, Ltd.

1.00

0.80

0.60

Local rmsd (A)

0.40

0.20

0.00 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
4 6 8 10 12 14 16 18

Residue number

Figure 6 Local root mean-square deviation (rmsd) plot for
backbone atoms. For each peptide, MAK19 monomer (open
circle), MAK19 dimer (open rectangle), pMAK19 monomer
(filled circle) and pMAK19 dimer (filled rectangle), three-residue
average rmsds are plotted as a function of sequence.

secondary shift plot is found in residues P7 and T8.
For these two residues, the secondary shift values of
the pMAK19 monomer and dimer are almost identical,
while those of the unphosphorylated MAK19 peptides
show different values, and H* resonance of the MAK19
dimer is shifted upfield more than that of the others.
This upfield shift may indicate an enhancement of the
helical conformation by dimerization, as in the case
of residues E9-114. Intriguingly, this effect does not
appear for residues P7 and T8 of the phosphorylated
forms (Figure 7).
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Figure 7 Secondary shift plot. For each peptide, MAK19
monomer (open circle), MAK19 dimer (open rectangle),
PMAK19 monomer (filled circle) and pMAK19 dimer (filled
rectangle), the H* chemical shift values in 50% TFE solution
were compared with random coil chemical shift values.
Negative (upfield) AS§ values are associated with helical
structure.
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Table 1 Structural statistics for the 25 lowest-energy structures of MAK19 peptides
MAK19 MAK19 PMAK19 PMAK19
monomer dimer monomer dimer

NOE-derived distance restraints®

Intrachain 156 188 143 154

Interchain — 5 — 3
Dihedral angle (¢) restraints?® 11 7 6 0
X-PLOR energies (kJ mol~1)P

Eiotal 22.03 +£0.24 46.69 £ 0.82 24.51 +0.21 56.34 + 0.92

Ebonds 0.47 +0.03 1.10+0.09 0.56 +0.04 2.56+0.16

Eangles 17.78 £ 0.12 36.11 +£0.35 18.58 +0.12 37.77 £ 0.46

Eimproper 2.96 + 0.04 6.16 + 0.07 3.01+0.03 6.13+0.15

Evan der Waals 0.07 +£0.05 0.44 +0.28 0.85+0.15 0.68+0.33

Enok 0.75+0.20 2.87 +0.63 1.50 +0.22 9.20+0.64

Edihedral 0 0 0 —

Root mean-square deviation (rmsd) from idealized covalent geometryP

Bonds (A) 0.001327 +£0.000047 0.001442 £+ 0.000058 0.001448 +0.000045 0.002184 + 0.000068
Angles (°) 0.4901 £0.0016 0.4939 + 0.0024 0.4980 £ 0.0016 0.5020 £+ 0.0031
Improper (°) 0.4040 £+ 0.0026 0.4124 £+ 0.0024 0.4061 £+ 0.0023 0.4093 £+ 0.0049
Ramachandran plot (%)P
Most favored 84.1 80.6 88.2 75.8
Additional allowed 11.1 17.1 8.7 19.9
Generously allowed 3.1 2.3 2.4 2.3
Disallowed region 1.7 0.0 0.7 2.0
Pairwise atomic rmsd (A)
Residues included in «-helix P7-L17 P7-118 E9-L17 pT10-118
Backbone heavy atoms 0.52+0.16 0.57 £0.17 0.47+£0.16 0.50 £0.16
(For two «-helices in a dimer) — 1.10+0.32 — 1.62 +0.64
All heavy atoms 1.32+0.21 1.37 £0.21 1.40 £0.25 1.24 £0.19
(For two a-helices in a dimer) — 1.81+0.30 — 2.50+0.74

21n the dimer, the number of restraints were collected for each monomer.
b Because the dimer was treated as a tandem repeat of the monomer in the X-PLOR calculations, the values for the dimer

structure were estimated over the whole molecule.

Comparing the solution structures of MAK19 and
PMAK19 dimers, the overall structure of the pMAK19
dimer shows an apparently lower convergence than that
of the MAK19 dimer (Figure 5 and Table 1). One helix
forms an angle of 150 + 15° with another helix in 25
conformers of the pMAK19 dimer, and the configuration
of two «-helices linked by a disulfide bond appears to
be considerably perturbed. In the 25 lowest-energy con-
formers of the MAK19 dimer, two «-helices make a more
acute angle of 119 + 9°, and its global structure appears
to be relatively determined. This reflects a difference of
NOE-derived distance restraints used for the structure
calculations. While the MAK19 dimer gave some appar-
ent interchain NOEs, the pMAK19 dimer only yielded
a smaller number of interchain NOEs with a relatively
low intensity (Table 1). For example, in terms of an
interchain cross-peak between C13 H?!2 and L17' H’!,
which is separated completely from other signals, the
normalized intensity in the pMAK19 dimer decreased by
almost threefold compared to that of the MAK19 dimer.
These findings imply a local structural change and/or
a conformational inhomogeneity in the pMAK19 dimer.

Copyright © 2008 European Peptide Society and John Wiley & Sons, Ltd.

DISCUSSION

Effect of the Phosphorylation on T10 of MAK19

The dimerization assay using MAK19 peptides showed
that phosphorylation leads to a substantial decrease
in the yield of pMAK19 dimer supported by a disulfide
bond. In general, a thiolate anion of cysteine triggers the
formation of a new disulfide bond, and its reaction rate
is affected by the environment, such as pH, charges,
steric hindrances, and so on [35]. In particular, negative
charges near the thiol tend to destabilize the thiolate
and decrease the reaction rate. In the case of the present
study, the phosphorylated threonine residue is located
proximal to C13, so that the charges of the phoshoryl
group are most likely to decrease the population of
the thiolate anions, thereby causing a smaller yield of
PMAKI19 dimers.

NMR analysis showed that MAK19 peptides form «-
helical structures before and after phosphorylation in
TFE solution. It has been generally suggested that the
dielectric constant of TFE approximates that of the
interior of protein, and TFE prompts intramolecular
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hydrogen bonds of a protein to strengthen, so that
secondary structures are stabilized [36]. In the overall
structure of S100A1l1, the residues included in the
first «-helix (helix I) make contact with hydrophobic
side chains of other portions of the protein [4,23]. In
addition, helices I and I' form an angle of —137 +3°
in the solution structure of the full-length S100A11
dimer; i.e. this represents a mirror image of the
structure of the MAK19 dimer. However, both share
the residues participating in an interface between
the helices; residues T10, C13 and L17 of MAKI19
make contacts with another helix, like the full-length
S100A11. Considering that the MAK19 peptide has an
amino acid sequence corresponding to the N-terminal
half of helix I and the disordered region leading into
helix I of an intact S100A11, TFE is likely to reproduce
appropriately the environment in which the MAK19
sequence originally is located.

The unphosphorylated MAK19 monomer and dimer
form «-helices with N-terminal serine capping; i.e.
S6, P7, and E9 are assigned to N-cap, N1, and
N3, respectively, according to the nomenclature of
Richardson and Richardson [37]. This is also supported
by an NOE observation between the amide of S6 and
the side chain of E9 as well as other peptides with
serine capping [38]. Interestingly, this serine capping
is not found in the structure of the pMAK19 monomer
and dimer. This means that the length of the helix
is shortened by phosphorylation, resulting in residue
pT10 being located at the N-terminal edge of the
helix. This local structural change may be due to
steric hindrance and/or the electrostatic influence of
the phosphoryl group attached to the side chain of
T10. At first, in the structure of both the MAKI19
monomer and dimer, the H* atom of P7 is proximal
to the H? atom of T10, as supported by an observation
of the NOE cross-peak between them (Figure 4). The
presence of a bulky phosphoryl group would interfere
with this contact, leading to the destruction of the
a-helix. The «-helix is also known to have a dipole
moment with a positive polarity at the N-terminal
edge. It originates from a regular configuration of the
backbone amide groups; i.e. the NH and CO groups
are always aligned toward the N-terminus and C-
terminus of the a-helix, respectively. This shows that
the NH groups of residues T10 and E11 of MAK19 make
hydrogen bonds with the CO groups of S6 and P7 as
shown in its solution structure. Because a phosphoryl
group has a negative charge, the phosphorylated T10
of pMAKI19 is expected to easily disturb the contact
of CO groups of S6 and P7 to HN groups of pT10
and E11. In addition, the steric and electrostatic
features of pT10 would affect not only the intrachain
structure but also the interchain configuration of the
two a-helices of the pMAKI19 dimer. This idea is also
supported by the secondary shift value of P7 and T8
of MAK19 and pMAK19 dimers. MAK19 dimerization

Copyright © 2008 European Peptide Society and John Wiley & Sons, Ltd.

shows an upfield shift of H* resonance of P7 and
T8, implying that MAK19 dimerization stabilizes the
a-helix and increases the population adopting the «-
helical conformation. In contrast, the secondary shift
value remains unchanged in pMAK19 dimerization. It is
likely that the conformational change and stabilization
do not occur in the pMAK19 dimer. Therefore, an
apparent dispersion of the global structure of the
PMAKI19 dimer, compared with that of the MAK19
dimer, may reflect an essential inhomogeneity of the
solution structure.

Physiological Significance of the Structural Change
Induced by Phosphorylation

S100A11 undergoes phosphorylation on T10 by the
action of PKCu in vivo, leading to an interaction with
nucleolin [20]. However, this threonine residue is ini-
tially buried in the interior of the protein, as evidenced
by NMR analysis using the full-length S100A11; i.e.
the side chain of the residue corresponding to T10
of MAK19 generates NOE cross-peaks with residues
located in other parts of the protein [4]. Our study
shows that the N-terminal part of the «-helix in MAK19
is disrupted by phosphorylation on residue T10. This
structural change means that phosphorylated threo-
nine pT10 is exposed to the N-terminal edge of the
a-helix. In addition, the phosphorylation has a ten-
dency to perturb an arrangement of two «-helices
in the MAK19 dimer. These features of MAK19 pep-
tides allow us to conclude that phosphorylation of
S100A11 induces a structural perturbation in the N-
terminal edge of helix I, and enables the phosphoryl
group to be exposed to the solvent. This sugges-
tion can reasonably explain how phosphorylation on
the initially buried residue is recognized by its bind-
ing partner nucleolin. Recently, it was shown that
S100A11 is secreted from keratinocytes to the extra-
cellular space, and then binds to RAGE, a receptor
expressed in keratinocytes, resulting in an enhance-
ment of cell growth [39]. Interestingly, SI00A11 dimer
linked by a disulfide bond facilitates the binding of
S100A11 to RAGE. This finding gives a potential mean-
ing to the observation that formation of MAK19 dimer
through a disulfide bond is prevented by phosphory-
lation on T10. The phosphorylation of SI00A11 may
interfere with the binding of the secreted S100A11 to
RAGE.

In general, it is difficult to explore the structural
features of phosphorylated forms of large proteins
because it is hard to prepare a large amount of
a homogeneously phosphorylated target. An analysis
using a peptide fragment derived from a large protein
enables us to observe the effect of phosphorylation on
the protein structure, as shown in this study. Moreover,
the MAKI19 peptide by itself acts as a full-length
S100A11 in vivo, meaning that its phosphorylated form
is recognized by nucleolin, and that it suppresses

dJ. Pept. Sci. 2008; 14: 1129-1138
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cell growth [11,22]. Further structural analysis using
the MAK19 peptide, for example the determination of
a complex structure between MAKI19 and nucleolin,
will shed light on why MAK19 can behave as an
intact S100A11 protein, and at the same time help

to

explain the mechanism of S100Al1l actions in

vivo.
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