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As is typical for S100–target protein interactions, a Ca2+-dependent
conformational change in S100A1 is required to bind to a 12-residue
peptide (TRTK12) derived from the actin-capping protein CapZ. In addition,
the Ca2+-binding affinity of S100A1 is found to be tightened (greater than
threefold) when TRTK12 is bound. To examine the biophysical basis for
these observations, we determined the solution NMR structure of TRTK12 in
a complex with Ca2+-loaded S100A1. When bound to S100A1, TRTK12
forms an amphipathic helix (residues N6 to S12) with several favorable
hydrophobic interactions observed between W7, I10, and L11 of the peptide
and a well-defined hydrophobic binding pocket in S100A1 that is only
present in the Ca2+-bound state. Next, the structure of S100A1–TRTK12 was
compared to that of another S100A1–target complex (i.e., S100A1–RyRP12),
which illustrated how the binding pocket in Ca2+-S100A1 can accommodate
peptide targets with varying amino acid sequences. Similarities and
differences were observed when the structures of S100A1–TRTK12 and
S100B–TRTK12were compared, providing insights regarding howmore than
one S100 protein can interactwith the same peptide target. Such comparisons,
including those with other S100–target and S100–drug complexes, provide
the basis for designing novel small-molecule inhibitors that could be specific
for blocking one or more S100–target protein interactions.
© 2009 Elsevier Ltd. All rights reserved.
Edited by M. F. Summers
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Introduction

S100A1 is a dimeric Ca2+-binding protein (10.5 kDa
per subunit) in the S100protein family andhas twoEF-
hands per subunit. In the N-terminus, each S100A1
subunit has a 14-residue EF-hand (EF1; residues 19–
32) termed the “S100-hand” or the “pseudo-EF-hand”.
EF1 typically binds Ca2+ weakly via several backbone
carbonyl ligands and a bidentate ligand from a
glutamate (E32) at position 14 of the Ca2+-binding
domain. In the C-terminus, each S100A1 subunit has a
canonical 12-residue EF-hand (EF2; residues 62–73)
that coordinates Ca2+ in a manner identical with that
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of other proteins in the EF-hand superfamily, such as
calmodulin and troponin C.1 As with most dimeric
S100 proteins, only EF2 of S100A1 undergoes a large
structural rearrangement upon binding Ca2+, and it is
this conformational change that allows S100A1 to
exert its biological function via interaction with and
modulation of cellular targets. This conformational
change in S100A1 involves the rotation of the entering
helix of EF2 (helix 3) by ∼90° rather than the exiting
helix (helix 4) as found for most other EF-hand-
containingproteins and is thedefining characteristic of
an “S100 Ca2+ switch”.2–4 Such a conformational
change is unique to S100 proteins because the exiting
helix (helix 4 of EF2) is typically held in place via an X-
type four-helix bundle that composes the tight dimer
interface, whereas in other EF-hand-containing pro-
teins, the exiting helix is free to rotate.
In general, proteins in the S100 family are dis-

tributed in a cell-specific manner and interact with a
diverse set of molecules.5–7 For S100A1, at least 20
knownprotein targets have been identified, including
Ca2+-signaling proteins (ryanodine receptors 1 and 2,
Serca2a, and phospholamban), neurotransmitter
d.
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release proteins (synapsins I and II), cytoskeletal and
filament-associated proteins [CapZ, microtubules,
intermediate filaments, tau, microfilaments, desmin,
tubulin, F-actin, titin, and the glial fibrillary acidic
protein (GFAP)], transcription factors and their
regulators (myoDand p53), enzymes (aldolase, phos-
phoglucomutase, malate dehydrogenase, glycogen
phosphorylase, photoreceptor guanyl cyclases, ade-
nylate cyclases, glyceraldehyde-3-phosphate dehy-
drogenase, twitchin kinase, nuclear Dpf2-related
(NDR) kinase, and F1 ATP synthase), and other Ca2+-
activated proteins (annexins V and VI, S100B,
S100A4, S100P, and other S100 proteins) (reviewed
in Refs. 6 and 7). It is also the case that several S100
protein family members bind to the same protein
target.6,7 For example, both S100A1 and S100B, two
of the earliest discovered S100 proteins, interact in a
Ca2+-dependent manner with several of the same
protein targets including the ryanodine receptor,
microtubules, GFAP, p53, NDR kinase, phosphoglu-
comutase, CacyBP/Sip1, and annexin A6;6,8–13
hence, it is possible that some S100 proteins may
function redundantly. Furthermore, using phage
display techniques, Ivanenkov et al. identified a 12-
amino-acid peptide (TRTKIDWNKILS) derived from
the actin-capping protein (CapZ) that bound to
S100B in a Ca2+-dependent manner at low micro-
molar concentrations.14 Subsequently, S100A1 and
several other S100 proteins (i.e., S100A1, S100A4, and
S100A5) have also been shown to bind this same
peptide, termed TRTK12 (Wright, N. T. & Weber,
D. J., unpublished data).5 As a result, the TRTK12
peptide is considered a general S100 protein con-
sensus binding sequence [(K/R)(L/I)XWXXIL].
To examine in detail how two S100 proteins can

bind to the same protein target, we have determined
the solution structure of S100A1–TRTK12 and
compared it to the previously determined structure
of S100B–TRTK12.15 NMR chemical shift perturba-
tion data were suggestive that TRTK12 interacts
with the hydrophobic pocket that is common to both
Ca2+-S100A1 and Ca2+-S100B.4,5 However, when
these two structures were compared here at atomic
resolution, it was found that the specific positioning
of the TRTK12 peptide in the target binding pocket
was not conserved in S100A1 and S100B and that
interactions between the peptide and the two S100
protein side chains were considerably different. This
structure also leads to salient insights into the
necessary attributes of productive S100A1–target
protein interactions, some of which may be common
in several S100–target protein interactions, including
those for S100B.
†http://www.bmrb.wisc.edu
Results

Chemical shift and NOE assignments for the
S100A1–TRTK12 complex

The first step in solving the high-resolution
structure of S100A1–TRTK12 (24 kDa) by NMR was
to unambiguously assign the resonances and nuclear
Overhauser enhancement (NOE) correlations for the
complex, using data from a series of heteronuclear
multidimensional NMR experiments. The 1H, 13C,
and 15N chemical shift assignments for all observable
backbone and side-chain resonances of 13C,15N-
labeled S100A1 bound to TRTK12 were completed a
priori using standard NMR through-bond experi-
ments as described in Wright et al.5 Unambiguous
resonance and NOE assignments for protons of the
unlabeled TRTK12 peptide bound to 13C,15N-labeled
S100A1 were then made using two-dimensional (2D)
12C-filtered spectra [NOE spectroscopy (NOESY) and
total correlated spectroscopy (TOCSY) in H2O and
D2O], as previously described for other protein–
peptide complexes.15–18 Representative NOE data
from a region of a 2D 12C-filtered NOESY collected in
D2O is illustrated (Fig. 1a), which show NOE
correlations for bound TRTK12 between I10δ and
other protons of I10 (I10α and I10γ2) as well as to
protons of K9 (K9β,γ,δ) and W7 (W7δ,ξ). That W7 was
proximal to I10 also provided an early indication that
the TRTK12 peptide was helical when bound to Ca2+-
S100A1 (Fig. 1a). In addition, proton resonances for
I10 and W7 of TRTK12 (i.e., I10γ2, I10δ, and W7δ,ξ)
were found to be proximal to the β-protons of C85 of
13C,15N-labeled S100B in a 3D 13C-edited, 12C-filtered
NOESY experiment (Fig. 1b). Intermolecular NOE
data such as these were critically important for the
structure determination of the S100A1–TRTK12 com-
plex as well as for validating proton assignments on
unlabeled TRTK12 bound to S100A1 (Fig. 1b). In
summary, the observable 1H resonances of TRTK12
together with the 1H, 13C, and 15N resonances of
S100A1 in the S100A1–TRTK12 complex were
assigned unambiguously and deposited into the
BioMagResBank (BMRB) database† under BMRB
accession number 16050.
NOE assignments were made using data from 3D

15N-edited NOESY, 3D 13C-edited NOESY, 4D
15N,13C-edited NOESY, and 4D 13C,13C-edited
NOESY experiments (Fig. 1c). As found in all other
dimeric S100 protein structures, it was clear from
NOE data that helices 1 and 4 were an integral part
of the S100A1 dimer interface in the S100A1–
TRTK12 complex.19 For example, early in the NOE
assignment and structure determination process,
several NOE correlations were observed between
residues at the N- and C-termini of helix 1 (i.e., L4δ1
to F15HN and several others). Because of the physical
impossibility of having two residues at opposite
ends of a helix being proximal in space, such NOE
correlations were assigned as intersubunit between
helices 1 and 1′ of the S100A1 dimer. Similarly, the
assignment of intermolecular NOEs could be made
for residues at the N- and C-termini of helices 4 and
4′ due to the antiparallel alignment of these helices
(i.e., F71HN to V83g1, and several others). As
expected, such NOE data for S100A1 in the
S100A1–TRTK12 complex were fully consistent



Fig. 1. NOE data used to deter-
mine the structure of Ca2+-S100A1
bound to TRTK12 at 37 °C, pH 7.2.
(a) Region of the 12C-filtered
NOESY experiment, showing NOE
correlations between protons of
Trp7 and Lys9 to Ile10δ of TRTK12
when bound to Ca2+-S100A1. These
NOE correlations are not present in
spectra of samples containing the
TRTK12 peptide alone. (b) Strip of
the 3D 13C-edited, 12C-filtered
NOESY spectrum, demonstrating
NOE correlations between C85β of
S100A1 to several protons of both
Trp7 and Ile10 of TRTK12. (c) Plane
of the 4D 13C,13C-edited NOESY
showing medium- and long-range
NOE correlations from C85β of
S100A1. Each of these spectra was
collected on samples containing
13C,15N-labeled S100A1 and unla-
beled TRTK12 peptide. (d) RDC
data from the amide of S29 in
isotropic (left) and aligned (right)
media, illustrating typical N–HN
splittings. On the right, a plot of
expected RDCs versus observed
RDCs, showing that the data fit
well into structure calculations.
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with the antiparallel alignment of helices 1, 1′, 4, and
4′ into an X-type four-helix bundle at the dimer
interface as found for other S100 proteins. It was
then relatively straightforward to continue assign-
ing both intra- and intersubunit NOE correlations in
an iterative manner with preliminary structural
models as a guide. For example, a NOE correlation
observed between the Hβ protons of C85 and Hδ

protons of I12 (Fig. 1c) was assigned as an
intermolecular NOE since these two protons were
more than 20 Å apart within the same subunit. In
total, 130 intermolecular NOE constraints were
assigned unambiguously at the dimer interface for
residues in helix 1 (E3, L4, E5, T6, A7, M8, T10, L11,
I12, V14, and F15), loop 2 or “hinge” (E40 and L41),
and helix 4 (F71, F74, V75, V76, A80, T82, V83, and
C85). An additional 38 NOE correlations remained
ambiguous and were allowed to satisfy inter- and/
or intramolecular distance constraints even in the
final structure calculation (Table 1), as previously
described for other symmetric dimers.20

Next, the structure and positioning of the TRTK12
peptide in the S100A1–TRTK12 complex were
examined in detail. Important for these analyses
was a 3D 13C-edited, 12C-filtered NOESY experi-
ment, which provided 96 intermolecular protein–
peptide distance constraints between 13C,15N-
labeled S100A1 and unlabeled TRTK12 peptide
(Fig. 1b). For example, W7, I10, and L11 of TRTK12
exhibited intermolecular NOE correlations to C85 on
S100A1. In general, these three hydrophobic resi-
dues of TRTK12 provided a large number of NOE
correlations to hydrophobic residues in helix 4. This
periodicity of recurring intermolecular NOE correla-
tions, combined with (i, i+3) intrapeptide NOE
correlations from the 12C-filtered NOESY experi-
ment (Fig. 1a), allowed for the precise orientation of
TRTK12 into the hydrophobic binding site in Ca2+-
S100A1 and further confirmed that TRTK12 folds as
a helix when bound to S100A1. As was also found
for the S100B–TRTK12 complex, all five residues
defining the S100A1/S100B consensus binding
sequence of TRTK12 peptide [(K/R)(L/I)XWXXIL]
including K4, I5, W7, I10, and L11 were found to be
at the S100A1–TRTK12 binding interface.14 In total,
protons from 8 residues of the TRTK12 peptide (K4,
I5, W7, N8, K9, I10, L11, and S12) gave intermole-
cular NOE correlations to protons from 14 residues
on S100A1 (F44, L45, K49, D50, D52, A53, K56, I57,
E60, L77, L81, A84, C85, and F88), consistent with
the helical TRTK12 peptide oriented nearly parallel
with helix 3 on S100A1, spanning from the hinge
region (loop 2) to the middle of helices 3 and 4.

Residual dipolar coupling measurements

In an effort to improve and independently verify
the NOE-based structure, we measured N–HN and
Cα–Hα residual dipolar coupling (RDC) data with
the use of a radially compressed polyacrylamide gel



Table 1. NMR-derived restraints and statistics of 20 NMR structuresa

〈20〉 Best

RMSD from distance constraints (Å)b

Total (3382) 0.037±0.002 0.036
Intraresidue (570) 0.009±0.004 0.010
Sequential (|i− j|=1) (962) 0.029±0.003 0.028
Medium range (1b|i− j|≤1) (848) 0.036±0.003 0.035
Long range (|i− j|N5) (446) 0.045±0.005 0.045
Intermolecular for dimer interface (130) 0.044±0.006 0.034
Ambiguous intra- or inter-S100A1 subunit (38) 0.012±0.010 0.005
TRTK12 peptide (sequential, medium) (90) 0.028±0.009 0.041
Intermolecular S100A1 to TRTK12 peptide (96) 0.060±0.011 0.062
Calcium ligand (18) 0.025±0.010 0.029
Hydrogen bonds (184) 0.069±0.005 0.064
RMSD from experimental dihedral constraints (°)
Φ,Ψ (276) 0.516±0.120 0.502
RMSD from dipolar coupling restraints (Hz)
DN–H (112) 1.652±0.093 1.606
DC–H (136) 3.296±0.171 3.261
RMSD from experimental 13C chemical shifts (ppm)
13Cα 1.261±0.041 1.253
13Cβ 1.054±0.039 1.020
RMSD from idealized geometry
Bonds (Å) 0.006±0.001 0.006
Angles (°) 0.978±0.018 0.959
Impropers (°) 1.841±0.010 1.844
Lennard–Jones potential energy (kcal/mol)c −889±28 −917
Q-factord 0.26±0.04 0.25
Percentage of residues in the most favorable region of the Ramachandran plote 87.6±2.4 91.3
RMSD to the mean structure (Å)f

All backbone atoms in S100A1 (3–88) 0.518±0.088 0.339
All heavy atoms in S100A1 (3–88) 1.097±0.128 0.943
All ordered backbone (S100A1 3–88, TRTK12 4–12) 0.565±0.089 0.476
All heavy atoms (S100A1 3–88, TRTK12 4–12) 1.118±0.118 0.969
a The 20 ensemble structures, 〈20〉, are the results of simulated annealing calculations. The best structure is that closest to the average

structure. The values shown for the 〈20〉 are the means±standard deviations.
b All four subunits of the protein complex are included in all of these values. None of the 20 structures has a distance violation N0.4 Å or

a dihedral angle violation of N5°. The force constants used in the simulated annealing calculations are as follows: 1000 kcal mol−1 Å−2 for
bond length, 500 kcal mol−1 rad−2 for angles and improper torsions, 4 kcal mol−1 Å−4 for the quartic van der Waals repulsion term [hard-
sphere effective van derWaals set to 0.8 times their values in CHARMM (Chemistry at HarvardMacromolecularMechanics) parameters],
50 kcal mol−1 Å−2 for experimental distance constraints, 100 kcal mol−1 Å−2 for noncrystallographic symmetry, 1 kcal mol−1 Å−2 for
distance symmetry constraints, 0.5 kcal mol−1 ppm−2 for the 13C chemical shift constraints, and 1.0 for the conformational database
potential. The force constants (in kcal Hz−2) used for dipolar coupling restraints were as follows: 0.40 for 15N–1HN and 0.2 for 13Cα–1Hα.

c Lennard–Jones van der Waals energies were calculated using CHARMM parameters and were not used in any stage of the structure
determination.

d Q-factors were determined by randomly removing 10% of all RDC values. An ensemble of structures with a second randomly
removed subset of RDCs was also run to ensure accuracy. The Q-factor of this second set was 0.26.

e PROCHECK was utilized to generate the Ramachandran plot.
f Backbone calculations include Cα, N, and C′ atoms. Only residues 3–88 are included since no long-range NOE correlations were

observed for residues 1–2 and 89–93 in S100A1 or residues 1–3 in the TRTK peptide.
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to partially align the protein (Fig. 1d), as previously
described.21 In the absence of decoupling, the
observed splitting between two nuclei P and Q
corresponds to the sum of the scalar and dipolar
interactions, JPQ and DPQ. JPQ is independent of
alignment, and DPQ is simply obtained from the
difference between the P–Q splitting measured in
conditions where the sample is partially aligned (i.e.,
in radially compressed gels) versus conditions with
isotropic tumbling.22 Here, 112 1DN–H values for
S100A1 in the S100A1–TRTK12 complex were
recorded from a 15N–1H 2D correlation spectrum
in the absence of 1H decoupling during the t1 evolu-
tion period, and the upfield and downfield compo-
nents of the 15N–{1HN} doublets were separated into
two spectra in an interleaved manner as described
previously22 (Fig. 1d). Additionally, 1DCα-Hα dipolar
couplings were obtained under the same alignment
conditions as those for 1DN–H RDCs. These data
were collected using a 3D (H)CA(CO)NH experi-
ment recorded in the absence of 1H decoupling
during the Cα evolution period, permitting accurate
measurement of 136 1DCα-Hα RDCs, as described
previously.23 Because the 1DN–H and 1DCα-Hα data
were collected under identical alignment conditions,
they could be fit simultaneously in structure
calculations to enforce a single alignment tensor
(Aa∼0.6×10−3).

Structure calculations, structural statistics, and
description of the S100A1–TRTK12 complex
solved in solution by NMR spectroscopy

In total, 3382 experimental distance constraints, 276
dihedral angle constraints, and 248 RDC constraints
were used to calculate the solution structure of the
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dimeric Ca2+-S100A1–TRTK12 complex (N18 con-
straints per residue) (Fig. 2). The first three residues
of the TRTK12 peptide showed no intermolecular
NOE correlations,while the last nine residues showed
more than 10 NOE correlations per residue on
average. The large number of assigned NOE correla-
tions allowed for an accurate residue-by-residue
examination of the S100A1–TRTK12 binding inter-
face, although the N-terminal tail of TRTK12 remains
undefined and likely is dynamic in solution. A family
of the 20 lowest-energy structures of S100A1–TRTK12
is depicted in stereo view in Fig. 2a. These structures
all have low Q factors (0.26), no dihedral violations
greater than 5°, no NOE violations greater than 0.4 Å,
and no residues in the unfavorable portion of the
Ramachandran plot (Table 1). The backbone atoms in
each of the 20 structures are well-defined with an
RMSD of 0.57 for all ordered residues and an RMSD
of 0.52 for just the S100A1 backbone alone (Table 1).
For the bound TRTK12 peptide, the backbone is
slightly lesswell defined, with an RMSDof 0.81 for all
ordered residues. No long-range NOE correlations
Fig. 2. The 3D structure of the S100A1–TRTK12 complex. (
RMSD for backbone atoms found to be 0.672 (residues 3–87 o
are colored red and blue for S100A1, respectively, and the
illustrating the fold of the S100A1–TRTK12 complex.
were observed for residues 1–2 and 89–93 in Ca2+-
S100A1 or for residues 1–3 of the TRTK12 peptide,
and thus, these were removed from RMSD calcula-
tions (Table 1).
Overall, the backbone atoms of S100A1 do not

significantly deviate in position between the Ca2+-
bound state and the peptide-bound state, with the
RMSD for Cα carbons between the two states being
1.31 Å (Tables 2 and 3). This maintenance of the
classical S100 fold upon target protein binding was
also observed when TRTK12 bound to Ca2+-S100B as
well as when a peptide derived from the ryanodine
receptor (RyRP12) bound to Ca2+-S100A1 (Tables 2
and 3); thus, the S100A1 structure reported here is
likely a conserved feature of Ca2+-dependent
S100A1–target protein interactions. In the absence
of S100A1, the TRTK12 peptide exists as a random
coil, as judged by a lack of NOE correlations and a
narrow range of NMR spectral data.15 However,
when bound to Ca2+-S100A1, the C-terminal region
of TRTK12 adopts a helical conformation, as judged
by both characteristically α-helical interpeptide
a) Stereo view of the 20 lowest-energy structures with the
f S100A1 and residues 4–12 of TRTK12). The two subunits
TRTK12 peptide is colored orange. (b) Ribbon diagram



Table 2. Interhelical angles of S100A1 and S100B complexes

Helicesa Apo-S100A1b Ca2+-S100A1c S100A1–Ca2+-RyRP12d S100A1–Ca2+-TRTK12 Ca2+-S100Be S100B–Ca2+-TRTK12f

I–II 120±3 132±1 136±2 131±1 137±5 132±2
I–III −45±2 −102±2 −94±2 −106±2 −118±5 −118±3
I–IV 107±2 131±2 125±2 126±2 128±4 128±1
II–III 148±2 125±2 126±1 121±2 104±3 109±2
II–IV 46±1 −29±1 −35±2 −37±2 −35±4 −33±2
III–IV −150±1 121±2 136±2 120±2 106±4 108±4
I–I′ −165±3 −157±3 −153±2 −155±2 −155±1 −148±2
IV–IV′ 176±2 152±3 156±2 156±2 159±5 146±3
I–peptide — — 88±7 −106±4 — −63±11
II–peptide — — −49±7 103±3 — 164±11
III–peptide — — −163±4 38±2 — 55±11
IV–peptide — — 49±7 127±4 — 143±7

a Interhelical angles (Ω) range from −180° to 180° and are classified as either parallel (||) for 0° |Ω| 40° and 140° |Ω| 180° or
perpendicular (⊥) for 40° |Ω| 140° as described.24

b Taken from the NMR structure (PDB code 1K2H).25
c Taken from the NMR structure (PDB code 1ZFS).5
d Taken from the NMR structure (PDB code 2J2K).17
e Taken from the NMR structure (PDB code 1QLK).4
f Taken from the NMR structure (PDB code 1MWN).15
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NOEs (Fig. 1a) and intrasubunit NOE correlations
(Figs. 1b and 3a). Interestingly, the observation that
S100A1 interacts with helical portions of target
proteins is another feature that is observed in nearly
all of the S100–target protein structures reported thus
far and is likely another general feature for S100–
target protein interactions.

The Ca2+ dependence of the S100A1–TRTK12
interaction

Upon the addition of Ca2+ to dimeric apo-S100A1,
helix 3 of both subunits reorients by ∼90° relative to
helix 4.5 As a consequence of this conformational
Table 3. EF-hand angles of S100 proteins based on the
VGM method

EF-hand
N-terminal coordinate

of second helix θ (°) ϕ (°)

Pseudo-EF-hand
S100A1–Ca2+-TRTK12a (8.659, 2.341, −5.416) 53±2 80±3
S100A1–Ca2+-RyRP12b (9.236, −1.916, −5.779) 45±2 84±5
Ca2+-S100A1c (9.237, −2.133, −4.516) 51±2 82±2
Ca2+-S100B–TRTK12d (0.927, −0.838, −7.262) 55±2 95±3
Ca2+-S100Be (11.199, −3.856, −6.578) 53±4 79±5
Apo-S100A1f (11.843, −4.311, −5.724) 68±4 85±9
Typical EF-hand
S100A1–Ca2+-TRTK12a (9.191, 2.880, −4.310) 60±2 115±5
S100A1–Ca2+-RyRP12b (9.919, 1.444, 5.583) 45±2 83±2
Ca2+-S100A1c (8.928, −2.392, −3.789) 58±2 108±3
Ca2+-S100B–TRTK12d (9.070, −1.009, −5.863) 70±4 112±3
Ca2+-S100Be (9.073, −2.602, −6.819) 76±5 95±7
Apo-S100A1f (5.246, 13.667, −0.067) 35±2 −90±7
a Vector geometry mapping results were obtained using the

program VGM as described.24 Apo-calmodulin of Zhang et al.
(PDB code 1DMO)was used as the reference for these calculations
as previously described.26

b Taken from the NMR structure (PDB code 2J2K).17
c Taken from the NMR structure (PDB code 1ZFS).5
d Taken from the NMR structure (PDB code 1MWN).15
e Taken from the NMR structure (PDB code 1QLK).4
f Taken from the NMR structure (PDB code 1K2H).25
change, a hydrophobic pocket defined by amino
acid residues in the hinge (loop 2; F44 and L45), helix
3 (I57), and helix 4 (L77, L81, A84, C85, and F88),
which were buried in the apo-state, is exposed when
Ca2+ binds to S100A1 (Fig. 3). These same residues
form multiple contacts with W7, I10, and L11 of
TRTK12 (Fig. 3). The most prominent TRTK12 side
chain involved in an interaction with S100A1 is the
large hydrophobic side chain of W7, which extends
into a well-formed hydrophobic groove formed by
residues F44, L45, L81, A84, C85, and F88 of Ca2+-
S100A1. Additionally, ring stacking between F88
and F44 on S100A1 and W7 on TRTK12 is observed,
which is consistent with experiments in which
S100A1 is truncated at F88 and binding to TRTK12
is abrogated.8 The hydrophobic residues I10 and L11
of TRTK12 also interact with numerous hydropho-
bic residues on helix 3 and helix 4 of S100A1 and are
peripherally associated with the deep W7 binding
pocket, as judged by a large number of NOE
correlations to S100A1 between these residues and
hydrophobic residues in the S100A1 binding pocket
(Fig. 3). Thus, it is concluded that TRTK12 forms an
amphipathic helix and that substantial hydrophobic
interactions, most notably those between W7 on
TRTK12 and a series of residues on S100A1, serve to
stabilize the S100A1–TRTK12 complex.
The TRTK12–S100A1 interaction, driven by the

formation of an interprotein hydrophobic binding
site, stabilizes the canonical EF-hand of S100A1
(EF2). This is experimentally manifested through an
increase in the Ca2+-binding affinity of S100A1 in the
presence of peptide (Fig. 4). Here, Tb3+ binding and
kickoff experiments were performed with S100A1 in
the presence of TRTK12, as previously described.5

Changes in Tb3+ luminescence intensity were
measured upon binding to the tight site (EF2) of
S100A1 (TbKd=149±3 nM; Fig. 4, inset), and Ca2+

binding to S100A1 was then determined in direct
competition studies with Tb3+. As observed in Fig. 4,
S100A1 binds Ca2+ at 8±3 μM in the presence of



Fig. 3. Hydrophobic residues of
TRTK12 interact with a hydrophobic
binding pocket on Ca2+-S100A1. (a)
Residues that give intermolecular
NOE correlations between the
TRTK12 peptide and residues on
S100A1 (in boxes) are illustrated.
S100A1 residues are colored black
for hydrophobic, green for polar, red
for negatively charged, and blue for
positively charged residues. (b) Resi-
dues of TRTK12 including W7, I10,
and L11 are packed nearby hydro-
phobic residues from the hinge
region (F44and L45), helix 3 (I57),
and helix 4 (L77, L81, A84, C85, and
F88) of S100A1. In particular, W7 fits
into a well-formed hydrophobic
pocket consisting of F44, L45, L81,
A84, C85, and F88 of Ca2+-S100A1.
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TRTK12, which is more than threefold tighter than
when no peptide is present (27 μM). Such an
increase in the Ca2+ affinity is well documented
among S100 proteins and other EF-hand-containing
proteins in general when target proteins are
bound.27–34

The drug pentamidine inhibits S100A1–TRTK12
complex formation

There is a growing interest in developing inhibi-
tors of S100A1 because they could be beneficial in
treating a variety of human diseases including
neurological diseases, diabetes mellitus, heart fail-
ure, and several types of cancer.35–38 The absence of
significant phenotypes in S100A1 knockout mice
suggests that an S100A1 antagonist would have
minimal side effects in normal tissues.39,40 In the
brain, increased S100A1 expression contributes to
pathologies related to neurological diseases, which
suggests that S100A1 inhibitors could reverse such
processes. For example, neuronal PC12 cells that do
not express S100A1 are more resistant to Aβ-
induced cell death than cells that express normal
levels of S100A1,35 indicating that S100A1 antago-
nists would be beneficial in treating Alzheimer's
disease. In addition, extracellular S100A1 is cyto-
toxic to PC12 cells41,42 and injection of anti-S100A1
antibodies were found to lessen learning and
memory deficits.43 Other S100A1-regulated intra-
cellular processes are also consistent with S100A1
augmentation of Alzheimer's disease pathology.
These include S100A1-linked altered APP expres-
sion, destabilization of Ca2+ homeostasis, S100A1-
mediated increased cell growth, decreased dendritic
arborization, and decreased tubulin polymeriza-
tion/stability.35,44

As previously found for S100B, the U.S. Food and
Drug Administration-approved drug pentamidine
(Pnt) has been found to bind S100A1 and block its
interaction with TRTK12. Specifically, a fluorescently
labeled carboxytetramethylrhodamine (TAMRA)–



Fig. 4. Ca2+ and Tb3+ binding to S100A1–TRTK12 as
monitored via Tb3+ luminescence. Displacement of Tb3+ by
Ca2+ from a Tb3+-S100A1–TRTK12 complex as monitored
by the decrease in Tb3+ luminescence. The sample condi-
tions included 50 μMTRTK12, 20mMHepes buffer, pH 7.0,
and 20 mMDTT at 25 °C in D2O. The CaKd calculated from
this competition experiment (CaKd=8±3 μM) relied on the
dissociation of Tb3+ from the Tb3+-S100A1–TRTK12 com-
plex in the same buffer (TbKd=149±3 nM; inset). In this
titration (inset), S100A1 was titrated into a solution where
[Tb3+] was kept constant (3 μM) and [TRTK12] was kept at a
concentration (50 μM)where Tb3+-S100A1 is fully saturated
with TRTK12 peptide at all points in the titration.

Fig. 5. Pnt binding to Ca2+-S100A1. Displacement of
TAMRA-labeled TRTK12 bound toCa2+-S100A1 by theU.S.
Food and Drug Administration-approved drug Pnt as
monitored by a decrease in TAMRA–TRTK12 fluorescence
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TRTK peptide was found to bind (Kd=1.0±0.6 μM) to
Ca2+-S100A1 (Fig. 5, inset). This affinity of TAMRA–
TRTK12 is ∼20-fold tighter than that of unlabeled
TRTK12 (Kd=23±6 μM), which is likely due to
additional interactions between the protein and the
hydrophobic TAMRA moiety. Furthermore, increas-
ing amounts of Pnt were sufficiently able to displace
the TAMRA-labeled peptide from Ca2+-S100A1, as
judged by a decrease in fluorescence anisotropy
values (Fig. 5). With the use of the equations
employed by Nikolovska-Coleska et al.,45 the calcu-
latedKd of Pnt for S100A1 is 130±60μM(as compared
to a Kd of 39±5 μM for the S100B–Pnt complex)46 and
provides evidence that Pnt is a potential lead
compound for developing S100A1 inhibitors. These
competitive binding data also indicate that Pnt binds
to S100A1 in the TAMRA–TRTK12 binding pocket
and could represent a starting point for developing
drugs that block S100A1 through at least partial
occlusion of this site. This may eventually lead to the
development of novel high-affinity molecules that
specifically inhibit S100A1 and can be tested in vivo.
anisotropy. The sample conditions included 3.5 μMS100A1,
50 nM TAMRA-labeled TRTK12, 25 mM NaCl, 1.0 mM
CaCl2, 1 mMDTT, and 5mMHepes buffer, pH 7.5, at 25 °C.
The PntKd calculated from this competition experiment
(PntKd=120±60 μM) relied on the dissociation of TAMRA-
labeled TRTK12 from Ca2+-S100A1 (TAMRA–TRTKKd=1.0±
0.6 μM; inset). In this titration (inset), S100A1 was titrated
into a solution where [TAMRA–TRTK] was kept constant
(50 nM), with all other buffer conditions the same as in the
competition experiment.
Discussion

S100A1 and S100B, two of the earliest S100 proteins
discovered, have been reported to bind the ryanodine
receptor, microtubules, GFAP, p53 (also binds S100A2
and S100A4), NDR kinase, phosphoglucomutase,
CacyBP/Sip1 (also binds S100A6 and S100A12), and
annexin A6 (also binds S100A6) (reviewed in Refs. 7
and 17; Wright, N. T. & Weber, D. J., unpublished
results). Likewise, other target proteins have also
been shown to bind multiple S100 proteins including
annexin A5 (S100A1, S100A6, and S100A12), caldes-
mon (S100A1 and S100A6), and Sgt1 (S100A6 and
S100P). The completion of this structure represents a
chance to study in detail how two S100 proteins,
S100A1 and S100B, interact with the same peptide,
TRTK12.15 Specifically, both S100A1 and S100B bind
to TRTK12 at micromolar concentrations (S100B,
Kd=7±1 μM;6 S100A1, Kd=23±6 μM), and upon
comparison of chemical shift perturbation data,
TRTK12 was thought to be oriented in a similar
manner relative to helix 3 and helix 4 in the S100B–
TRTK12 and S100A1–TRTK12 complexes.5 However,
a comparison of the two NMR structures shows side-
chain interactions that stabilize the peptide–protein
interface differ substantially between S100A1 and
S100B (Fig. 6a and b), which could provide an
explanation for the approximately threefold differ-
ence in affinity observed. Specifically, W7 in TRTK12
does not extend close to helix 3 in Ca2+-S100A1, as
observed in Ca2+-S100B, but instead is located near
another hydrophobic pocket close to the C-terminus
of S100A1 (Figs. 3b and 6a and b). This change in
tryptophan position for TRTK12 has the consequence
of rotating the entire peptide so that the hydrophobic



Fig. 6. Comparison of the S100B–TRTK12, S100A1–RyRP12, and S100A1–TRTK12 structures. (a) Ribbon diagram
illustrating TRTK12 (tan) bound to Ca2+-S100A1 (blue). Residues that are not similar between the S100A1 and S100B
sequences are shown in green. (b) Ribbon diagram illustrating TRTK12 (tan) bound to Ca2+-S100B (purple). As in (a),
residues that are very dissimilar between the S100A1 and S100B sequences are shown in green. (c) Overlay of ribbon
diagrams of TRTK12 (tan) and RyRP12 (red) bound to Ca2+-S100A1 (blue). In this panel, the location of the tryptophan
residue in each peptide (W5 for RyRP12; W7 for TRTK12) is illustrated. (d) Ribbon diagram illustrating RyRP12 (red)
bound to Ca2+-S100A1 (blue) illustrating the side chains of S100A1 that interact with the RyRP12 peptide.
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face of the helical peptide faces helix 4 of S100A1
more directly than it does helix 4 of S100B.
Specifically, the hydrophobic tryptophan residue of
TRTK12 interacts with a binding pocket in S100A1
that comprises residues from loop 2, termed the
hinge (F44 and L45), and helix 4 (L81, A84, C85, and
F88). Comparatively, different residues in S100B from
the hinge (I47), helix 3 (V52, V56), and helix 4 interact
with W7 on TRTK12 (Fig. 6b). That this pocket is
different on S100A1 versus S100B is likely the result of
differences in protein sequence, most notably the
nonconservative changes of an isoleucine (I47 in
S100B) for a glutamine (Q48 in S100A1) and a
methionine (M79 in S100B) for an alanine (A80 in
S100A1; Fig. 6a and b, residues colored green).
Another more subtle change in the sequences is a
valine residue (V52 in S100B) for an alanine residue
(A53 in S100A1). These and other differences in
sequence result in a deep hydrophobic tryptophan-
binding site in S100B nearby helix 3, which does not
exist in S100A1. That S100A1 can form a different
hydrophobic tryptophan-binding pocket adjacent to
helix 4 is also likely facilitated by the fact that S100A1
has an alanine residue at position 80 rather than a
methionine (i.e., M79). This allows W7 of TRTK12 to
more readily approach the other large hydrophobic
residues (i.e., F44, L45, L81, and F88) that compose the
S100A1 TRTK12 binding site (Fig. 6).
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Our laboratory recently published a structure of
S100A1 bound to a peptide, RyRP12, derived from
ryanodine receptor (KKAVWHKLLSKQ).17,39 Like
TRTK12, this peptide closely resembles the consen-
sus binding sequence of S100 proteins. However, the
peptide-binding sites on Ca2+-S100A1 were found to
be quite different when the NMR structures of these
two complexes were compared (Fig. 6c and d). For
example, both RyRP12 and TRTK12 form amphi-
pathic helices and bind a hydrophobic binding site
exposed in Ca2+-S100A1, but the two peptides were
oriented differently in the pocket by nearly 180°. For
example, RyRP12 aligns parallel with helix 4 of
S100A1, with the tryptophan residue on this peptide
(W5) located in a hydrophobic binding pocket
slightly higher in the Ca2+-S100A1 binding pocket
than that of the tryptophan residue (W7) of TRTK12
(Fig. 6c). Furthermore, in RyRP12, W5 is stabilized
by different residues in helix 3 (I57) and helix 4 (L77,
A80, and L81) than W7 in TRTK12, which interacts
with residues in the hinge (F44 and L45) and helix 4
(L81, A84, C85, and F88). Examination of residue-
by-residue contacts between both complexes also
reveals that the RyRP12 and TRTK12 peptides
interact with S100A1 via leucine/isoleucine residues
(I10 and L11 in TRTK12 and L8 and L9 in RyRP12) in
addition to the aromatic tryptophan residue. How-
ever, unlike what is found in the S100A1–TRTK12
complex, two lysine residues in RyRP12 (K2 and
K11) likely form electrostatic interactions with
S100A1 (E63 and D52 in S100A1), which could
contribute to the orientation of RyRP12 in the
S100A1 binding site.47 The TRTK12 peptide has no
such electrostatic interactions with S100A1 and is
oriented in the hydrophobic pocket based on van
derWaals and hydrophobic interactions alone. From
these two structures, it appears likely that there is no
one preferred orientation of binding for S100A1
targets and that each S100A1 binding partner may
orient differently using different key residues in the
hydrophobic pockets nearby helices 3 and 4 and the
hinge.
Examination of other S100–target peptide com-

plexes reveals that while tryptophan is frequently
used in S100–target interactions, other residues can
substitute; in both the S100A11–annexin 1 complex
and the S100A6–Siah 1 structure, tryptophan is
replaced with leucine.48,49 Such variability in a
residue position that has been assumed to be fairly
well conserved among S100 binding motifs sug-
gests that other previously unsuspected sequences
could be high-affinity targets to various mem-
bers of the S100 family. That S100 proteins can
bind to more than one target (i.e., Kd of S100A1
for TRTK12=23±6 μM, while the Kd for RyRP12=
8 μM)39,50 and that different S100 proteins can bind
to the same target suggest that many S100 proteins
interact with their targets via the “selected fit”
mechanism of binding. With the use of this model,
Ca2+-S100A1 exists as an ensemble of equilibrium
structures, with the protein binding pocket sampling
multiple similar but not identical conformations.
Productive S100A1–target complex formation occurs
when S100A1 attains the conformation(s) most
compatible for that particular target protein.51

Thus, unique targets can select for particular
conformations, leading to a diverse set of potential
interactions. Evidence supporting this hypothesis is
seen in Ca2+-S100B, where regions that compose the
target binding pocket experience both fast and slow
time scale dynamics.52 This mechanism of binding
may be a common feature in the S100 family of
proteins, since most S100 proteins are reported to
bind multiple protein targets.
Conclusions

Here, we present the solution structure of Ca2+-
S100A1 bound to the 12-residue peptide TRTK12,
which comprises an exact match of the S100
consensus binding sequence. A comparison of the
apo-, Ca2+-, and Ca2+-S100A1–TRTK12 structures
clearly reveals why this interaction is Ca2+ depen-
dent. TRTK12 binds S100A1 as an amphipathic helix,
with its hydrophobic face in close contact with the
hydrophobic binding pocket of S100A1. Close exam-
ination of this interaction reveals that several resi-
dues, most notably W7 on the TRTK12 peptide, are
fully buried in a well-formed hydrophobic cleft on
S100A1. TRTK12 is uniquely oriented in the S100A1
binding site, as compared to the similar peptide
RyRP12. Additionally, both S100B and S100A1 bind
TRTK12 differently. A detailed examination of the
S100A1 and S100B structures furthers our under-
standing of how these similar proteins interact with
their respective target molecules and elicit distinct
cellular functions. This information in turn forms the
underpinning for specific rational drug-design efforts
toward inhibiting one or both of these S100 proteins
when they are elevated in a disease state.
Materials and Methods

Sample preparations

A synthetic peptide (ac-TRTKIDWNKILS-am) derived
from the α subunit of CapZ (residues 267–276) was
chemically synthesized with its N-terminus acetylated (-ac)
andC-terminus amidated (-am) and prepared for NMR as
described previously.10 The TAMRA–TRTK peptide is
synthesized with the TAMRA fluorescent covalently
labeled at the N-terminus with the C-terminus amidated
(-am). Recombinant 15N- and 13C,15N-labeled rat S100A1
protein (10.5 kDa per subunit) was purified after over-
expression in Escherichia coli [HMS174(DE3)] as
described.5 NMR samples contained 15 mM d11-Tris–
HCl, pH 7.2, 15 mM DTT, 10 mM CaCl2, 0.34 mM NaN3,
20 mM NaCl, 10% 2H2O, TRTK12 peptide (2–6 mM), and
S100A1 (1–3 mM; subunit concentration). The acrylamide
solutions used in the dipolar coupling experiments were
prepared fresh at 30% acrylamide (1:20 bis) concentration.
Compressed gels contained 5% acrylamide solution,
0.015% N,N,N′,N′-tetramethylethylenediamine, and
0.015% ammonium persulfate and were prepared as pre-
viously described.5
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NMR spectroscopy

NMR spectra were collected at 37 °C with a Bruker
DMX600 NMR spectrometer (600.13 MHz for protons)
and a Bruker AVANCE 800 NMR spectrometer
(800.27 MHz for protons) each equipped with four
frequency channels and 5-mm triple-resonance z-axis
gradient cryogenic probeheads. Sequential backbone
and side-chain assignments of S100A1 in the TRTK12
peptide complex were obtained using standard NMR
spectroscopy methods as described.5 The sequential
assignments for the unlabeled TRTK12 peptide bound to
13C,15N-labeled Ca2+-S100A1 were based on correlations
recorded in 12C-filtered TOCSY and 12C-filtered NOESY
experiments.53–55 The filtered TOCSY spinlock time
(75 ms) and the filtered NOESY mixing time (200 ms)
were sufficient for the collection of high-quality pro-
ton NMR data for TRTK12 in a protein complex
of this molecular mass (24.2 kDa).15,18 4D 13C,15N-
edited NOESY–heteronuclear single-quantum coherence
(HSQC)56 and 4D 13C,13C-edited NOESY–HSQC spectra,
both with a mixing time of 130 ms, were collected on a
sample containing 13C,15N S100A1 bound to unlabeled
TRTK12. A 3D 12C-filtered, 13C-edited NOESY with a
mixing time of 200 ms was also collected for recording
intermolecular NOE correlations at the peptide–protein
interface, as previously described.15,39
Structure calculation

Interproton distance constraints were derived from 2D,
3D, and 4D NOESY experiments (2D NOESY, 12C-filtered
2D NOESY; 15N-edited 3D NOESY; 12C-filtered, 13C-edited
3D NOESY; 15N, 13C-edited 4D NOESY; and 13C,13C-edited
4D NOESY) as described previously.5 Dihedral constraints
ϕ±20 and ψ±15° for α-helix and ϕ±40 and ψ±40° for β-
sheet were included based on 3JNH–H

α coupling constants,
hydrogen-exchange rates, and the chemical shift index of
1Hα and 13Cα resonances. Distance constraints of 2.0–2.8 Å
between Ca2+ and protein ligands were included based on
theEF-handmodel for a typical and S100-typeCa2+-binding
domain, respectively. An ensemble of structures, calculated
without these Ca2+ restraints, had an RMSD of 0.625,
demonstrating that the inclusion of such restraints had no
effect on the overall structure of the complex. Hydrogen-
bond constraints of rHN–O=1.5–2.8 Å and rN–O=2.4–2.5 Å
were included in the final stage of structure calculations.
Structures calculated without hydrogen bonds had an
RMSD of 0.653 when compared with those calculated
with hydrogen bonds, indicating that inclusion of these
constraints also had little or no influence on the overall
structure. Pseudopotentials for secondary 13Cα and 13Cβ

chemical shifts and a conformational database potential
were included in the final simulated annealing refinements
with the computer program Xplor.24 The internuclear
dipolar coupling (in hertz) was determined from the
difference in J splitting between isotropic and radially
compressed polyacrylamide-aligned phases with both a 2D
IPAP 1H–15NHSQC to recordN–HN splittings and a 3D (H)
CA(CO)NH experiment without Hα decoupling during Cα

acquisition in t2 to record Cα–Hα splittings and was
incorporated into the final structure calculation as pre-
viously described.5,17 Q-factors were calculated by ran-
domly removing∼10% of both the N–HN and Cα–Hα RDC
data and then comparing these values to those back-
calculated from the structure. The final 20 structures were
selected (from200) based on lowest energy andwere of high
quality based on the statistical criteria listed in Table 1.
Luminescence spectroscopy

All experiments used to determine binding constants
were performed on an Aminco-Bowman Series 2 lumines-
cence spectrophotofluorometer with a temperature probe
(quartz cuvette) maintained at 25 °C. The binding
constants were obtained from titrations, repeated in
triplicate, and performed with at least two different
concentrations of Tb3+. Typical conditions for S100A1
titrations included 20 mM Hepes buffer, pH 7.0, and
20 mM DTT, 100 mM TRTK12, and 1–5 mM Tb3+. These
samples were lyophilized and resuspended in the appro-
priate volume of D2O. Competition experiments, repeated
in triplicate, used the same sample as the Tb3+ binding
experiments, with the addition of 1–5mMS100A1. Ca2+ Kd
values were calculated using Kd=K′/(1+[Tb

3+]/TbKd,
where K′ is from the best-fit curve of the Ca2+ titration
data and the TbKd term is from the best-fit curve of the Tb3+

titration data.

Fluorescence anisotropy

All experiments were performed using fluorescence
spectroscopy techniques on an SLM-Aminco Bowman
Series 2 (Thermo, Asheville, NC) fluorescence spectro-
photometer with an excitation wavelength of 542 nm and
an emission wavelength of 590 nm. All experiments were
repeated three or more times, and all samples were
studied at 25 °C with sample conditions consisting of
5 mM Hepes, pH 7.5, 1 mM DTT, 25 mM NaCl, 1 mM
CaCl2, and 50 nM TRTK12–TAMRA. Fluorescence aniso-
tropy measurements during Pnt competition binding
studies were used to monitor the binding of TRTK–
TAMRA to S100A1 using the same set of conditions with
the addition of 3.5 mM S100A1. The binding data were fit
using a single-site binding model with Origin software
(OriginLab Corp., Northampton, MA) and one peptide
and one Pnt molecule bound per S100A1 subunit. An
equation derived by Nikolovska-Coleska et al. was used
for determination of the Kd, as previously described,
using:45

Kd = ½I�50=ð½L�50=TAMRA�TRTKKd + ½P�0=TAMRA�TRTKKd + 1Þ
ð1Þ

where [I]50 is the concentration of Pnt at 50% inhibition,
[L]50 is the concentration of the free TAMRA–TRTK
peptide at 50% inhibition, [P]0 is the concentration of the
free protein at 0% inhibition, and TAMRA–TRTKKd is the
dissociation constant of S100A1–TAMRA–TRTK12.

Accession numbers

Coordinates and structure factors for the S100A1–
TRTK12 complex have been deposited in the Protein Data
Bank (PDB) with accession number 2kbm, and chemical
shift assignments for the S100A1–TRTK12 complex have
been deposited in the BMRB (accession number 16050).
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