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Abstract: Sequence-specific nuclear magnetic resonance (NMR) assignments have been determined for
the peptide αS2-CN(2–20) containing the multiphosphorylated motif-8Ser(P)-Ser(P)-Ser(P)-Glu-Glu12- in the
presence of molar excess Ca2+. The secondary structure of the peptide was characterized by sequential
(i,i + 1), medium-range (i,i + 2/3/4) nOes and Hα chemical shifts. Molecular modelling of the peptide based
on these constraints suggests a nascent helix for residues Ser(P)9 to Glu12. The spectral data for αS2-
CN(2–20) were compared with those of other casein phosphopeptides β-CN(1–25) and αS1-CN(59–79) that
also contain the multiphosphorylated motif. This comparison revealed a similar pattern of secondary amide
chemical shifts in the multiphosphorylated motif. However, the patterns of medium-range nOe connectivities
in the three peptides suggests they have distinctly different conformations in the presence of Ca2+ despite
having a high degree of sequential similarity. Copyright  2003 European Peptide Society and John Wiley
& Sons, Ltd.
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INTRODUCTION

Multi-site, hierarchical protein phosphorylation is
a prevalent form of protein modification. It has
been suggested that this type of modification allows
for regulation of protein activity by expanding the
structural repertoire [1] The sequence -S-S-S-E-
E- occurs in over 200 protein sequences [2]. The
proteins containing this sequence include not only
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magnetic resonance; nOe, nuclear Overhauser effect; NOESY, 2D
nuclear Overhauser and exchange spectroscopy.
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the caseins, but also a variety of growth factors,
kinases, immunoglobins, and nuclear regulatory
proteins. This sequence has the potential to be
phosphorylated by the ordered action of a mammary
gland-like kinase that recognizes the motif -S-X-
E/S(P)- or to be partially phosphorylated by casein
kinase II that recognizes the sequence -S-X-X-
E/S(P)- [1]. Furthermore, some of the proteins have
acidic residues flanking both sides of the serine
cluster, for example -E-E-S-S-S-E-E-, such that the
seryl residues may be completely phosphorylated
by the combined action of casein kinases I and
II, where casein kinase I recognizes the motif-
E/S(P)-X-X-S- [1]. Notwithstanding the frequency
with which the -S-S-S-E-E- motif occurs in proteins
and the potential for phosphorylation very little
is known about the conformational preferences of
multiphosphorylated sequences.

Multiphosphorylated proteins play an important
role in the processes of biomineralization. In the
development of teeth they act as nucleators of
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hydroxyapatite and control the growth of the crys-
tals resulting in a unique crystal morphology. In
body fluids such as saliva and milk, multiphos-
phorylated proteins stabilize amorphous calcium
phosphate (ACP) phases in metastable solution. In
milk, ACP is stabilized in micelles in combination
with the caseins (CN). The caseins act as sources
of bioactive peptides and nutrients for the neonate
upon digestion. The calcium-sensitive caseins that
are responsible for binding to ACP are characterized
by clusters of acidic residues, including the fully
phosphorylated sequence motif SSSEE. The phos-
phorylated motif is found in the calcium-sensitive
bovine caseins: αS1-, αS2- and β-casein and in the
tryptic peptides αS1-CN(59–79), β-CN(1–25) and αS2-
CN(2–20) released during digestion (Figure 1). The
tryptic peptides sequester their own weight in ACP
to form colloidal complexes [3] and are found in
the soluble part of the intestinal chyme after diges-
tion [4,5] and even in the faeces [6] of experimental
animals due to proteolytic resistance of the pep-
tides. The ACP binding properties of the tryptic
casein phosphopeptides coupled with their ability
to form soluble complexes supports a biological role
as calcium carriers [7]. These peptides also exhibit
anticariogenic activity through their ability to sta-
bilize and localize ACP at the tooth surface thereby
inhibiting enamel demineralization and promoting
enamel remineralization [8–10].

We have previously reported the structural fea-
tures of αS1-CN(59–79) and β-CN(1–25) derived from
proton NMR spectroscopic studies [11,12]. These
studies showed that although these peptides exhibit
sequence similarities, in particular the -�-�-�-E-E-
motif, they displayed different conformational pref-
erences in the presence of calcium ions. The aim
of the present study was to determine the confor-
mational preferences of another tryptic casein mul-
tiphosphorylated peptide, αS2-CN(2–20) containing
-�-�-�-E-E- motif using 1H NMR spectroscopy and
to compare these structural features with those of
αS1-CN(57–59) and β-CN(1– 25).

59QMEAEΣIΣΣΣEEIVPNΣVEQK79  
1RELEELNVPGEIVEΣLΣΣΣEESITR25 
2NTMEHVΣΣΣEESIIΣQETY20 

αS1-CN(59-79)

β-CN(1-25)

αS2-CN(2-20) 

Figure 1 Primary structures of the tryptic casein multi-
phosphorylated peptides αS1-CN(59–79), β-CN(1–25) and
αs2-CN(2–20) using the one letter code with the symbol
� representing Ser(P). The multiphosphorylated sequence
���EE common to these peptides is underlined.

MATERIALS AND METHODS

Peptide Purification

The casein phosphopeptide αS2-CN(2–20) was selec-
tively precipitated from a tryptic digest of casein
using Ca2+ and ethanol and further purified by
anion exchange FPLC and reversed phase HPLC [13].
The purity of the peptide was checked by amino acid
sequencing [13], capillary electrophoresis [14] and
mass spectrometry [15] as previously described. A
10.7 mM peptide solution was prepared at pH 6.36
in 90% H2O/10% D2O.

1H NMR Spectroscopy

All spectra were recorded with spectral widths of
6000.6 Hz in F1 and F2 with 1024 complex data
points. Phase-sensitive spectra were collected using
the States-TPPI method [16]. The WET [17] pulse
sequence was used for solvent suppression in the
NOESY [18,19] and TOCSY [20,21] spectra. Pre-
saturation of the solvent peak was used when
acquiring the DQF-COSY [22,23] spectra. Mixing
times of 250 ms and 300 ms were used in acquiring
the NOESY spectra and a mixing time of 80 ms
was used for the TOCSY spectrum. A total of 100
t1 increments of 16 transients were collected for
the TOCSY spectrum. The 250 ms NOESY had 128
t1 increments of 128 transients while the 300 ms
NOESY had 200 t1 increments of 64 transients.
The DQF-COSY spectra had 200 t1 increments of 4
transients.

NOESY and TOCSY spectra were zero-filled to 2k
complex points in t2 prior to Fourier transformation.
Linear prediction was used to extrapolate the t1 data
to 2k data points. A Hamming window function [24]
was applied to both the t1 and t2 data. The DQ-
COSY spectra were zero-filled to 2k complex points
in t2 and to 1024 complex points in t1. A sine-bell
window function was applied to both t2 and t1 data.
All data processing was performed using Varian’s
VnmrS program on an SGI Indigo2 workstation with
256 MBytes of RAM.

Molecular Modelling

All calculations were performed with the molecular
modelling software package SYBYL 6.8 (Tripos Asso-
ciates, St Louis, MO, USA) on a Silicon Graphics
Octane workstation. The Kollman all atom force-
field was utilized without the electrostatic term
with no cutoff for nonbonded interactions. The in
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silico αS2-CN(2–20) peptide was constructed using
the biopolymer function. Torsion constraints were
added to maintain trans peptide bonds and the chi-
rality of chiral centres. Simulated annealing was
carried out as implemented in SYBYL (50 cycles con-
sisting of heating to 2000 K, equilibration at 2000 K
for 50 ps and exponential cooling from 2000 K to
50 K for 5000 fs). Procheck was used to check
angles. The 50 structures obtained were minimized
using the Kollman all atom forcefield and no cut-
off for nonbonded interactions. The local geometry
of each of the ten lowest energy structures was
checked. For each structure, conformational analy-
sis was performed using Ramachandran plots, and
the nOe violations were examined. Finally RMSD
calculations of the 10 lowest energy structures were
performed taking into consideration only the heavy
backbone atoms of selected residues.

RESULTS AND DISCUSSION

Assignment of Spin Systems

The amino acid spin systems of αS2-CN(2–20) were
identified by examining the DQF-COSY, TOCSY
and NOESY recorded in H2O at pH 6.36 at a
temperature of −5 °C. The single histidine, valine,
asparagine and serine, two isoleucines, and three
phosphoserines were recognized by their chemical

shifts and the connectivity patterns in the DQF-
COSY spectrum [25]. The βH2 to NH nOes of the four
O-phosphoserines were observed in the fingerprint
region of the TOCSY and NOESY permitting their
sequence specific assignments. The αH-NH intra-
residue crosspeak between N2 and T3 was not
observed. The nOe crosspeaks connecting the side-
chain amide resonances of N2 and Q17 were observed
and sequentially assigned. Figures 2 and 3 show
the fingerprint and amide regions respectively of
the NOESY spectrum with the sequential and non-
sequential nOes highlighted.

Effect of Calcium on Spectra of αS2-CN(2–20)

The presence of calcium ions induced changes in
the chemical shifts of resonances in the fingerprint
region of αS2-CN(2–20) at pH 6.36 (Figure 4).
Table 1 lists the chemical shifts of αs2-CN(2–20) in
the presence of calcium ions. The amide protons
of residues H6, �9, were shifted toward lower
frequencies, whereas the amide protons of E12, I15,
�16 were shifted toward higher frequencies. The Hα

protons of M4, V7, �8, �10, E12, �16 and E18 show
significant shifts toward lower frequencies, whereas
the Hα protons of �9 and I14 show significant shifts
toward higher frequencies.

The secondary Hα and NH proton chemical
shifts of the phosphoseryl residues were cal-
culated using the ‘random coil’ chemical shifts

Figure 2 Fingerprint region of a NOESY spectrum of αS2-CN(2–20) recorded in 80% H2O/20% D2O. Non-sequential nOes
are circled. The spectrum was recorded using 10 mM peptide, pH 6.36 at −5 °C with 4 mol Ca2+/mol peptide. The mixing
time was 300 ms.
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Figure 3 The amide region of the NOESY spectrum
showing sequential connectivity. Sample conditions are
summarized in the caption to Figure 2. I14/I15 can not be
distinguished by their amide shifts.

reported by Bienkiewicz and Lumb [26]. The sec-
ondary Hα and NH proton chemical shifts of the
other residues were calculated using the ‘ran-
dom coil’ chemical shifts reported by Merutka
et al. [27] with the sequence-dependent correc-
tions recently reported by Schwarzinger et al.
[28].

Figure 5(a,b) shows the secondary Hα and amide
chemical shifts. The amide protons of T3 were shifted
towards lower frequencies, whereas the Hα and
amide protons of the M4 were shifted towards higher
frequencies. This is indicative of a local preferential
conformation. In addition, the Hα and amide protons
of H6 were shifted towards higher frequencies.

Secondary Structural Features of αS2-CN(2–20)

The nOes observed for αs2-CN(2–20) at a mixing
time of 300 ms are summarized in Figure 6. The
main structured region comprises the residues
of the motif -���EE- based on the secondary
Hα chemical shifts and the dNN(i,i + 2) crosspeak
between �8 and �10 and dαN(i,i + 4) between �9

and S13, and between �10 and I14, and dαβ (i,i + 3)
between H6 and �9. Regions of helical structure
are characterized by strong dNN connectivities and
weak dαN connectivities. Furthermore, a pattern
of overlapped dαN(i,i + 4), dαβ (i,i + 3), dαN(i,i + 3),
and either dNN(i,i + 2) or dαN(i,i + 2) connectivities
and evidence of hydrogen bond formation by
the amide protons would be expected. Although
overlapping connectivities are not present, the
dαN(i,i + 4), dNN(i,i + 2) and dαβ (i,i + 3) nOes suggest
nascent α-helix in this region. Earlier CD, ORD
and NMR studies of the casein phosphopeptides
suggested a lack of α-helical structure [29–31].
Hence this is the first evidence for a tendency to
form helical structure in these peptides.

Figure 4 The calcium dependent chemical shift changes in the DQF-COSY fingerprint region of 10.7 mM αS2-CN(2–20)
at pH 6.36. The residues H6, �8, �9, E12, I15, �16 and E18 show significant chemical shift changes in the presence of
calcium ions.
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Table 1 Chemical Shifts of αS2-CN(2–20) at 25 °C and pH 6.30

Residue NH αH βH γH Others

N2 4.36 2.86, 2.96 7.03, 7.74 (δNH2)
T3 8.72 4.31 4.18 1.17
M4 8.54 4.41 1.95, 2.03 2.47, 2.54 2.02 (εCH3)
E5 8.39 4.19 1.84, 1.91 2.17, 2.19
H6 8.60 4.61 3.13, 3.13 8.52 (2H), 7.17 (4H)
V7 8.36 4.06 1.92 0.83, 0.83
�8 8.83 4.53 3.98, 4.14
�9 9.04 4.48 4.08, 4.08
�10 8.74 4.49 4.07, 4.07
E11 8.33 4.27 1.91, 2.01 2.26, 2.26
E12 8.39 4.19 1.84, 1.91 2.17, 2.19
S13 8.45 4.40 3.78, 3.78
I14 8.28 4.14 1.80 1.13, 1.40 0.85 (γCH3), 0.780 (δCH3)
I15 8.28 4.14 1.80 1.13, 1.40 0.85 (γCH3), 0.780 (δCH3)
�16 8.78 4.44 4.01, 4.01
Q17 8.36 4.28 1.89, 2.10 2.29, 2.29 6.86, 7.69 (δNH2)
E18 8.47 4.24 1.85, 1.90 2.15, 2.21
T19 8.14 4.23 4.08 1.074
Y20 7.87 4.34 2.79, 3.03 7.03 (2,6H), 6.73 (3,5H)

Figure 5 (a) Secondary NH chemical shifts in the presence of molar excess calcium ions of αS2-CN(2–20), αS1-CN(59–79)
[12] and β-CN(1–25) [11]. (b) Secondary Hα chemical shifts in the presence of molar excess calcium ions of αS2-CN(2–20),
αS1-CN(59–79) [12] and β-CN(1–25) [11] The secondary Hα and NH proton chemical shifts of the phosphoseryl residues
were calculated using the reported ‘random coil’ chemical shifts [26,27] and the sequence-dependent corrections [28].
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The shifted amide protons of T3 and M4 also
indicate preferences for local conformations. The
nOes from the sidechain of H6 (H6 4H) to V7α,
�8α, �8ββ ′ and �8NH suggest ion pair formation
between the H6 imidazole ring and the nearby
phosphate group of �8. Molecular modelling of the
αS2-CN(2–20) peptide, based on the nOes shown
in Figure 6, shows that the constraints are not
sufficient to confine it to a unique conformation.
However, analysis of the individual conformers
suggest nascent helix within the region 9��EE12.
The heavy backbone atoms of residues 9��EE12 of
the ten lowest energy conformers superimposed with
an RMSD of 0.9 Å is illustrated in Figure 7.

Comparison of Secondary Structural Features of
αS2-CN(2–20), αS1-CN(59–79) and β-CN(1–25)

The secondary Hα and NH proton chemical shifts of
the three peptides αS1-CN(59–79) [12], β-CN(1–25)
[11] and αS2-CN(2–20) are shown in Figure 5(a,b)
highlighting the ���EE motif. Figure 6 shows the
comparison of the non-sequential nOes for the three
multi-phosphorylated peptides with the -���EE-
region aligned. Within the -���EE- region, the

Figure 6 Summary of spectral data for αS2-CN(2–20)
and comparison with the non-sequential nOes for
αS1-CN(59–79) and β-CN(1–25). The sequential, medium-
range and long-range nOes are depicted using bars. The
asterisks indicate nOes that were not observed due to
spectral congestion. The three sequences are aligned for
maximum homology in the ���EE region.

Figure 7 Superimposition of ten lowest energy structures
determined based on simulated annealing using the nOe
constraints in Figure 5, illustrating the propensity of these
residues to adopt a helical conformation.

dNN(i,i + 1) nOe between �9 and E11 of αS2-CN(2–20)
was observed at 400 MHz. In contrast, in β-
CN(1–25), a medium range nOe was observed
between the Hα proton of �16 and amide proton
of E20 [11]. Our evidence for turns and loops in
the two peptides αS1-CN(59–79) and β-CN(1–25)
is consistent with the report by Small et al. [32]
who examined 14 different highly phosphorylated
proteins, and found that 80% of the phosphorylated
sites existed within regions predicted to be β-turns.

In summary, the spectral data of the three
multiphosphorylated casein peptides indicates that
all three peptides have specific, folded conformations
in the presence of calcium. However, despite the
sequence homology, there is variability in the
local conformations in the -���EE- region and
the conformation is strongly influenced by the
neighbouring residues.
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